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We shall not cease from exploration 
And the end of all our exploring 
Will be to arrive where we started 
And know the place for the first time. 
Through the unknown, remembered gate 
When the last of earth left to discover 
Is that which was the beginning;
At the source of the longest river 
The voice of the hidden waterfall 
And the children in the apple-tree
~T. S. Eliot
From The Four Quartets
This work is dedicated to my grandfather, Don Haynes, and my mother, 
Mary Ann Starkey. Thank you both for teaching me the importance of family and 
love above all else.
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ABSTRACT
The main concentration of this work was to further study the unusual 
catalytic activity and selectivity of the bimetallic hydroformylation catalyst based 
on the tetraphosphine ligand, et,ph-P4. This activity and selectivity are a product 
of both the rigid steric environment and the cooperativity between the two Rh 
metal centers. This project focused on probing both the mechanism employed 
by this system, and studying the effect of manipulation on the steric environment 
at the binding site.
In situ spectroscopic methods have led to the formulation of a dicationic 
catalytic system. This is highly unusual in that all monometallic rhodium or cobalt 
hydroformylation catalysts operate via neutral hydrido-carbonyl metal complexes. 
However, a neutral catalyst precursor based on this ligand is a terrible 
hydroformylation catalyst. Spectroscopic studies have shown that the two 
systems are very different under hydroformylation conditions. Assignment of 
various catalytic species present in both systems are discussed.
Variations to the tetraphosphine ligand have allowed for study of the 
importance of the rigid steric environment present in this catalyst. In particular, 
the relative size and shape of the substituents on the terminal phosphines have 
been shown to play an important role in determining both the activity and 
selectivity of the catalyst. Three new catalyst systems were synthesized and 
tested for catalytic activity. All three new systems negatively effected both the 
activity and regioselectivity of the catalyst for hydroformylation of a-olefins. Initial 
studies on the catalyst based on me,ph-P4, however, have shown it to be
xi
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effective for the asymmetric hydroformylation of vinyl esters. Initial results with 
chiral 1-[Rh2(nbd)2(me,ph-P4)]2+ are reported here.
xii
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CHAPTER 1 
INTRODUCTION
1.1 Hydroformylation
Hydroformylation is the catalytic process of converting alkenes, usually a- 
olefins, into aldehydes by the addition of synthesis gas, H2/CO, and the use of a 
transition metal catalyst. It is the largest homogeneous catalytic process, 
producing over 12 billion pounds of aldehydes annually. These aldehydes are 
mainly used as intermediates to form alcohols used by industry as detergents 
and plasticizers.1
°Yhh2 CO II I
H2C=CHR -----=--------► H-C-CH2CH2R +  h 3c -c h r
llnear branched
Aldehydes
Figure 1.1: Hydroformylation
1.2 Monometallic Catalyst Systems
Until the early 70’s, cobalt complexes were the predominant catalyst used 
for hydroformylation. Heck and Breslow first proposed the generally accepted 
mechanism for HCo(CO)4 catalyzed hydroformylation in 1960 (Figure 1.2).2 3 
Dissociation of CO from HCo(CO)4 yields the unsaturated 16 electron complex 
which can undergo alkene addition. Alkene insertion into the metal-hydride bond 
generates either the branched or the linear alkyl intermediate -  this insertion 
generally determines the regioselectivity of the product aldehyde.
1
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2O
c
+ H
Co
-C O
+alkene+ CO
CO
CoCo
Monometal l ic
pathway +COHCo(CO) -C O
-C O
bimeta l l ic
p a th w a y
+CO
Co
Figure 1.2: Heck and Breslow mechanism for HCo(CO)4 catalyzed
hydroformylation.
If the hydride added to the terminal carbon, the branched alkyl intermediate will 
result. If the hydride is added to the internal carbon, as shown in figure 1.2, the 
linear alkyl intermediate will be obtained, resulting in the linear aldehyde 
product. This selectivity to the linear aldehyde product is important for industrial 
purposes.4 The linear alcohols produced by the hydrogenation of the linear 
aldehydes are used in the synthesis of biodegradable detergents and for the 
production of adipate esters.
Returning to figure 1.2, the next step in the mechanism involves 
coordination of a carbonyl ligand and CO migratory insertion produces the acyl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3intermediate. Dissociation of CO, followed by an oxidative addition of hydrogen 
to the metal center produces the 18 electron dihydride species. The starting 
catalyst is regenerated by reductive elimination of the aldehyde product and 
coordination of CO.
Since the 1970’s, monometallic rhodium triphenylphosphine catalysts 
have been most commonly used by industry. The accepted mechanism for this 
system closely follows the reaction steps of Heck’s HCo(CO)4 and is shown in 
figure 1.3.
Ph3P H
H
I
V
Y|Rh
P h 3P  I T ^ R  
c O 
o Ph3P
°C I  PPtij
R h C  
✓  H
°c.
;Rh‘
PPhs
Ph3P'
♦ CO ° ^ R h - W "
PhjP  N' " ' ' R
Figure 1.3: Core Mechanism for Union Carbide’s Rh/PPh3 System. 
Excess PPh3 ligand is required to stabilize the catalyst and to increase 
the selectivity. This is due to the relatively facile dissociation of PPh3 from the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
rhodium center. Therefore, excess PPh3 ligand is needed to achieve maximum 
selectivity. The highly active HRh(CO)3, and HRh(PPh3)(CO)2 catalysts show 
very poor linear to branched regioselectivity. These species are easily formed 
under CO pressure by labile dissociation of the PPh3 from the metal center and 
coordination of CO. The presence of excess PPh3 causes more and more of 
the inactive HRh(PPh3)3 to form, slowing down the overall rate of 
hydroformylation.
^ C O
oc^ Rh^ co
H ^, ^ C O
RhtT
Ph,P •CO
Very High Activity, Poor Selectivity
High Activity and Selectiviy
Ph,P PPh,
Inactive
Figure 1.4: Possible Rh/PPh3 species, dependent on PPh3 
concentration.
The added PPh3 ligand also minimizes Rh-induced PPh3 fragmentation 
problems. More electrophilic phosphine ligands, such as PPh3, produce more
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5active catalysts, but are also more prone to fragmentation. The phenyl ring on 
PPh3 can react via orthometallation with the rhodium. This leads to the 
formation of a Rh-H that can react with alkene to produce an alkyl group. 
Reductive elimination of the phenyl ring and alkyl group can produce phosphine 
ligands with large cone angles, resulting in inactive catalyst species.
In an unsaturated metal species, an even worse ligand fragmentation 
reaction involves Rh-induced cleavage of a P-Ph bond and formation of 
phosphide-bridged dimers, which are inactive for hydroformylation (figure 1.5). 
Under hydroformylation conditions, metal-hydride bonds may be present. Upon 
addition of an olefin, alkene insertion to form an alkyl substituent can result. 
Reductive elimination of this alkyl group with the phosphide produces an 
alkyldiphenyl phosphine ligands which are very poor ligands for 
hydroformylation.
Other monometallic rhodium systems gaining much interest are those 
involving bulky diphosphite ligands patented by Billig and coworkers at Union 
Carbide.5 These diphosphite ligands form very active, very selective Rhodium
R O v
Figure 1.5: Intra- and Intermolecular fragmentation reactions.
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6hydroformylation catalysts. Selectivities for the catalyst shown below were 
reported to give 51:1 linear to branched aldehyde products with an activity of 
6120 turnovers per hour for the hydroformylation of propylene. This catalyst, 
however, has a very high percentage of alkene isomerization with longer chain 
alkenes, the major side reaction, at 26%. This group of ligands also suffers 
from severe rhodium-induced fragmentation problems. Phosphorus - oxygen 
bonds are easily cleaved by the metal. The aldehyde products can also react 
with the phosphite ligands leading to degradation products.
R
O O
UC-44 
Billig (Union Carbide)
Figure 1.6: Bulky Diphosphite Ligand Based Catalyst System.
1.3 Bimetallic Catalyst Systems
Heck and Breslow proposed, but did not favor, an alternate pathway 
involving an intermolecular hydride transfer to the acyl intermediate to eliminate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7the aldehyde and produce a dicobalt octacarbonyl complex (see figure 1.2). 
Since that time, polymetallic complexes in hydroformylation have received 
considerable interest. Kalck’s Rh2(p-SR)2(CO)2(PR3)2 . a thiolate bridged 
rhodium complex was initially thought to be an active example of dinuclear 
based catalyst.6 This system, however, has been proven to fragment under 
hydroformylation conditions. Elaborate kinetic studies have shown that there is 
a half-order dependence on the rhodium dimer concentration, suggesting that 
the dimer dissociates into active mononuclear species.7 This was also shown 
by crossover studies in which similar dimers containing substituted bridging 
pyrazolate ligands, [Rh2(p-Mepz)2(CO)2{P(OMe)3}2] and [Rh2(p- 
Me2pz)2(CO)2{P(OMe)3}2] were reacted together. The recovered rhodium 
complexes were analyzed by FAB/MS. The mass spectrum clearly indicated 
the formation of the crossover dimer, [Rh2(Mepz)(Me2pz) (CO)2{P(OM e)3}2]- 
The amount of this crossover behavior as a function of solvent has shown that 
the dimer dissociates via a partial ring opening mechanism. On the basis of 
these observations, it is believed that any increase in rate or selectivity 
observed with these thiolate complexes is due strictly to different electronic and 
steric effects of the ligands and not a consequence of bimetallic cooperativity.
Probably the most dramatic example of bimetallic cooperativity has been 
reported by Stanley and co-workers.8 The use of a binucleating tetraphosphine 
ligand, et,ph-P4, allows for the bridging and chelation of two rhodium centers to 
produce a very active and highly selective hydroformylation catalyst. The 
reaction of this ligand with 2 equivalents of [Rh(nbd)2](BF4) produces the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8Ph
PEt.
s  ^
P P
r 1 N h
Et2P
racemic - et,ph-P4
Et2P PEt2
p p
/  \
Ph Ph
meso - etfph-P4
Et?P,
u
Ph
M ------
P E t 2
P ^
E t , P ^ “  '  " “ ^ P E t
racemic - M 2(et,ph-P4) meso - M 2(et,ph-P4)
Figure 1.7: Binucleating and chelating tetraphosphine ligand.
bimetallic complex, [Rh2(nbd)2(et,ph-P4)](BF4)2. This catalyst precursor shows 
an initial turnover frequency of 640 turnovers per hour and a selectivity of 28:1 
for the hydroformylation of 1-hexene (table 1.1). This catalyst system differs 
from most others in that no excess phosphine ligand is required to either 
stabilize the catalyst or increase regioselectivity. This tetraphosphine ligand 
was developed by Stanley and Laneman.9 Synthesis begins with the 
bis(phosphino)methane bridge unit.10 Formation of a methylene bridge unit 
between two phosphorus atoms is one of the most difficult reactions in 
organophosphorus chemistry. Due to this, yields are limited to about 45%.
This also limits the synthesis to the use of arene substituted
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9Table 1.1: Catalyst comparison for the hydroformylation of 1-hexene. (Catalyst 
concentration = 1 mM, 1-Hexene = 1.2 M, 90 °C, 90 psig, 1:1 H2/CO)
Catalyst In it ia l 
TO /h r
A Id thyd t 
l/b ratio
alkene
isomerization
alkene
hydrogenation
« 12+ 
roc-  E" ' V , - V> < PE'- 1
r
640 28:1 8% 4%
P P h ,
1
o c - R h - H  (0.82 M PPh3) 
P P h ,
540 17:1 3 % 3 %
n, 12*
meso- /  h 55 14:1 24% 10%
phosphines. The bis(phosphino)methane bridge is then reacted with 2 
equivalents of diethylvinylphosphine and photolyzed in the absence of solvent 
for 2 hours. An essentially quantitative yield of the tetraphosphine ligand is 
obtained. Any excess vinylphosphine can be easily removed under reduced 
pressure. This ligand is obtained as a 1:1 diastereomeric mixture of the 
racemic and meso forms.
d m f  c h 2c i 2
2PhPH2 + 2K0H -►  2PhPH
Ph
P P
Et2P PK
racemic  -  at,ph-P4
PEt2 Et2P 
+
Ph
-*»
PEt,
Ph(H)PCH2P(H)Ph
P / IV
\
Ph
2 E t2P(HC»CH3)
maso - at,ph-P4
Figure 1.8: Synthesis of et,ph-P4.
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As stated before, the racemic dirhodium catalyst system compares very 
well with the Rh/PPh3 catalyst system and does not suffer from the same ligand 
fragmentation problems. The racemic form of this catalyst is also 12 times 
more active than the meso form and is more regio- and chemoselective as well.
The mechanism originally proposed for this bimetallic catalyst was quite 
similar to that accepted for Rh/PPh3 and other monometallic hydroformylation 
systems. Addition of H2/CO to rac-[Rh2(nbd)2(et,ph-P4)](BF4)2, 2r, followed by 
loss of 2 equivalents of HBF4 produces the proposed active catalyst, 
Rh2H2(CO)2(et,ph-P4), a neutral bimetallic complex. Given that all rhodium and 
cobalt hydroformylation catalysts are composed of neutral hydrido-carbonyl 
metal complexes (with or without phosphines), proposing a neutral bimetallic 
catalyst seemed quite reasonable. Coordination of the alkene followed by 
alkene insertion into the metal hydride bond generates either the linear or the 
branched alkyl intermediate. Coordination of CO and CO insertion into the Rh- 
alkyl bond produces the acyl species. Intramolecular hydride transfer, instead 
of H2 addition as in monometallic systems, and reductive elimination of the 
aldehyde product complete the cycle. It was also initially thought that the 
relatively high amounts of hydrogenation and olefin isomerization side reactions 
were caused by the HBF4 acid produced when the dicationic catalyst precursor 
[rac-Rh2(nbd)2(et,ph-P4)](BF4)2 (nbd = norbomadiene), 2r, reacts with H2/CO to 
generate the proposed neutral active catalyst.11 The synthesis of a neutral 
precursor should then have reduced the unwanted side reactions, olefin 
isomerization and hydrogenation. Synthesis of racemic-Rh2(ii3-ally1)2(et,ph-P4)t
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Figure 1.9: Originally proposed mechanism for bimetallic catalyst.
and subsequent hydroformyiation experiments with this complex showed that it 
was a very poor catalyst (35 TO/hr and 2.4:1 linear to branched aldehyde ratio). 
However, when two equivalents of HBF4 were added, the same high activity and 
selectivity as when racerrT/c-[Rh2(nbd)2(et,ph-P4)](BF4)2 is used results. To 
understand why these two systems yielded such different rates and selectivities, 
in situ spectroscopic studies were begun. Some results from this work will be 
discussed in chapter two of this manuscript.
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The high regioselectivity of this catalyst can partially be explained by 
steric interference between the alkyl chain of the olefin and the alkyl/aryl 
substituents on the terminal and internal phosphines as it coordinates to the 
catalyst binding site. Molecular modeling studies have shown that the pro- 
branched olefin orientation onto the binding site, which leads to the branched 
aldehyde product, is of higher energy than the pro-linear orientation.12 This 
higher energy is due to steric interactions between the olefin tail, the ethyl 
substituent on the terminal phosphine and the phenyl ring on the internal 
phosphine. In the pro-linear orientation, only slight steric interference exist 
between the carbonyl ligand and the olefin tail. Modifications to the P4 ligand 
system to test the extent of this steric effect on the selectivity and activity of the 
catalyst system have been completed and are described herein. Catalytic 
results from the modified systems are also reported.
The catalyst based on the resolved rac-et,ph-P4 ligand has shown 
excellent activity and selectivity for the asymmetric hydroformylation of the vinyl 
ester family.13 Asymmetric hydroformylation of this family is of pharmacological 
importance as the resulting aldehydes can be oxidized to form active anti­
inflammatory drugs. The asymmetric hydroformylation of vinyl acetate is of 
particular importance because it is a precursor to the formation of /-threonine. 
The aldehyde, 2-acetoxypropanal, can be further reacted via the Strecker 
synthesis to produce this essential amino acid.
To date, the chiral et,ph-P4 ligand is the only known phosphine used for 
bimetallic asymmetric hydroformylation. Molecular modeling has again 
predicted that the rigid steric environment of this catalyst may have a dramatic
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effect on the asymmetric induction. Early results with the neutral R.R- and S.S- 
Rh2(allyl)2(et,ph-P4) precursor, which can be activated for hydroformylation by 
the addition of 2 equivalents of HBF4, showed enantioselectivities of 85% and 
branched to linear regioselectivities of 4:1. The branched aldehyde product is 
preferred in asymmetric hydroformylation due to the presence of a chiral center 
in the branched aldehyde. Further studies with R.R- and S,S-[Rh2(nbd)2(et,ph- 
P4)]2* were reported by Albuquerque.14
The excellent results led us again to study how the steric environment 
effects the enantioselectivities. This work reports initial asymmetric 
hydroformylation studies employing the chiral-[Rh2(nbd)2(me,ph-P4)]2\  Modeling 
studies predict this minor change should open the branched binding cleft, 
allowing for increase branched to linear selectivities. As the regioselectivities 
increase, the enantioselectivity should also increase.
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CHAPTER 2 
IN SITU NMR SPECTROSCOPIC DATA
2.1 Introduction
As stated in chapter 1, the originally proposed mechanism for this catalyst 
involved neutral hydrido-carbonyl metal complexes in the catalytic cycle. To 
generate the active catalyst from our dicationic catalyst precursor, two 
equivalents of HBF4 acid must be lost. It was believed that this free acid was the 
cause for the unexpected amounts of side products via hydrogenation and 
isomerization. If this were the case, a neutral catalyst precursor should have 
proven an excellent hydroformylation catalyst with little side products. However, 
this catalyst gave very poor results (35 TO/hr and 2.4:1 linear to branched 
aldehyde ratio). This precursor could, however, be activated to produce identical 
results to the dicationic precursor upon the addition of 2 equivalents of HBF4.
The disagreement between the expected results with the neutral catalyst 
precursor and those obtained experimentally encouraged the beginning of 
elaborate in situ spectroscopic studies. In situ FTIR studies performed 
previously in the group on both the ally! and the norbornadiene systems have 
shown very distinct differences between the species produced under 
hydroformylation conditions. When this neutral catalyst precursor is reacted with 
2 equivalents of carbon monoxide, a single terminal CO band at 1930 cm'1 
results. This indicates the formation of the symmetrical rac-{Rh2(ri3- 
allyl)2(CO)2(et,ph-P4)]. In the presence of excess CO, a bis-acyl species
15
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results, shown by the weak acyl IR bands at 1648 and 1623 cm'1. Under 
hydroformylation conditions (H2/CO), these weak acyl bands are replaced by 
bands at 1697 and 1733 cm'1. These bands indicate the elimination of the 
unsaturated aldehyde products. Terminal carbonyl bands appear at 1970,
1950, 1929 and 1895 cm'1 and a broad bridging carbonyl at 1794 cm'1.
2100 2050 2000 1050 1000 1050 1000
Wavenumbors (cm-1)
Figure 2.1: In situ FTIR spectra of the hydroformylation catalyst precursors
under 90 °C and 90 psig H2/CO
This IR spectrum represents an equilibrium mixture of species D, E and F (see
figure 2.2). The equilibrium favors E at higher CO pressures and F at lower
pressures.1
The carbonyl stretching frequencies from the neutral precursor are 100 
cm'1 lower in energy as compared to that of the dicationic precursor. The 
dicationic system shows terminal CO stretching frequencies at 2096 and 2038 
cm'1 and a bridging CO band at 1832 cm'1. This difference of 100 cm'1
In it ia l Complex Used
1929
2038
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indicates more electron density on the metal center. Therefore, more k- 
backbonding is occurring which weakens the carbonyl triple bond. This clearly 
indicates that we are not generating a neutral bimetallic species as the active 
catalyst from the dicationic precursor. Rather, this mechanism is believed to 
operate via a series of dicationic rhodium complexes.2
Figure 2.2: Neutral species represented in in situ FTIR of the neutral catalyst
precursor.
+ H ICO C
♦co
• H
o
c
o
c
D E
F
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2.2 Rearrangement of the neutral precursor
As previously discussed, when the neutral catalyst precursor is placed 
under hydroformylation conditions an equilibrium between species E and the 
unsymmetrical, zwitterionic Rh(-1)/Rh(+1) complex, rac-Rh2 (n-CO)(CO)3(r|3, q 1 
et,ph-P4).3 In this coordination mode, the central bis-phosphino methane 
portion is still bridging the two rhodium centers, but both external phosphines 
are coordinated to one rhodium. No Rh-Rh bonding is observed in the crystal 
structure. The separation between the two rhodium atoms is 2.9250(3) 
angstroms which is 0.2 angstroms longer than a typical Rh-Rh single bond.
C11) P1
C3 P3
C32C12
Rh2 C4P2
Rh1 C3
C1
C2
Figure 2.3: Ortep plot of rac-Rh2(p-CO)(CO)3(Ti3, q 1 et,ph-P4).
The two metal centers exist in very different geometric arrangements. 
The two terminal carbonyls, one internal phosphine, and a bridging carbonyl 
ligand orient around Rh(2) in a tetrahedral arrangement. Rh(1), however, exists 
in a distorted square pyramidal geometry. The tetrahedral arrangement about
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Rh(2) lends itself to a -1 oxidation state on the Rh atom. The electron density 
on Rh(2) is increased due to rc-backbonding to the carbonyl ligands. This 
allows one CO ligand to act as a semi-bridging donor to Rh(1). This results in 
an 18 electron configuration about Rh(2). Rh(1) can therefore be assigned an 
oxidation state of +1 with a 16 electron configuration and a distorted square 
pyramidal geometry.
2.3 in situ NMR on Dicationic Bimetallic Catalyst
The in situ FTIR studies were extremely valuable at identifying the 
relative electron density on the Rh centers and correlating this to the 
hydroformylation activity. They also clearly indicated the presence of p-CO  
bridged structures in the catalytic solution. This clearly lead us to the 
conclusion that dicationic bimetallic complexes played a key role in the 
catalysis. FTIR, however, is not good at identifying the number of complexes 
present in the catalyst solution nor the symmetry of these complexes.
Therefore we turned our attention to in situ NMR studies, both proton and 31 P. 
Under 250 psig H2/CO at room temperature, evidence for a symmetrical, 
dihydride, bimetallic complex was observed by ’H NMR as a doublet of 
quartets, centered at -5.5 ppm (see figure 2.4),4 This simple spectrum indicates 
a symmetrical bimetallic structure. The proposed formula for this species is 
/ac-[Rh2H2(p-CO)2(CO)2(et,ph-P4)]2'\ This species is proposed to be a 
Rh(ll)/Rh(ll), 18 electron complex, which adopts an edge-sharing bioctahedra! 
structure. This structural form is very rare, with only a few edge sharing 
bioctahedral dinuclear Rh(ll) complexes reported in literature.
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500 Mhz 1H NMR Hydride Region 
rac-Rh2(nbd)2(et,ph-P4)2+ under 250 psig H2/CO
2Jp.H = 164 Hz 
or
1Jr„-h *  164 Hz
•H{3,P) NMR
*
20°C
MkM
|Trn n in i m in rn | i im n m ifn n m^Tm m i i i m m n i | m n m i m ii i i i i n iM i»m »m i n n rrp rn »rifin m ! im nH H iTin
ppm -6 -8 -10 -12 -14 -16
Figure 2.4: 500 MHz 1H NMR of Proposed Species, rac-[Rh2H2 (|i-CO)2 (et,ph-
P4)]2*, Hydride Region.
The two compounds that resemble this structure most closely are [Rh2(p-CO)(p-
CI)C!2(dppm)2(MeOH)]+, which has been fully characterized and would reach full
edge-sharing bioctahedral with one more terminal ligand5 and [Rh2H2(p-
H2)(triphos)2] (triphos = MeC(CH2PPh2)3) which has not been fully
characterized.®
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H H - | 2  +
Figure 2.5: Edge sharing bioctahedral structure of rac-[Rh2H2(|i-
CO)2(CO)2(et,ph-P4)]2+.
Another notable feature of the spectra is the pseudo-decet at -15 ppm. 
This pattern collapses to a doublet of doublets on broad band 31P decoupling. 
This peak has been tentatively assigned as a doubly bridged hydride species 
[Rh2(p.-H)2(r|4-et,ph-P4)]2+ (figure 2.6). This is most likely formed as a side 
reaction in the catalytic cycle.
The coupling constant for the doublet of pseudo-quartets is a large 164 
Hz. This has been shown to be 1J(Rh,H) coupling and not trans 2J(P,H) 
coupling as seen in all other H-Rh(l) or Rh(lll)-P complexes (see figure 2.7). 
This was confirmed by broadband 31P decoupling of the proton spectra. This 
decoupling shows loss of smaller couplings in the quartets, but retention of the 
164 Hz. coupling. This large 1J(Rh,H) coupling may be characteristic for
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bimetallic Rh(ll) complexes with terminal hydrides. The pseudo-quartet 
coupling constant is due to roughly equal cis and trans 2J(P,H) and 2J(Rh,H) 
coupling constants of about 15 Hz.
b ) Broadband "P decoupling
ppm
Figure 2.7: a) 500 MHz ’H NMR of Proposed Species, rac-Rh2H2(p- 
CO)2(et,ph-P4)2\  hydride Region; b) Broadband 31P decoupled.
This evidence for a dicationic Rh(ll) species explains the unusual 
behavoir of this catalyst. No other systems that show reasonable activity and 
regioselectivity have mainly alkylated, strongly donating phosphine ligands. In 
fact, the presence of electron donating phosphines has long been known to 
inhibit catalytic activity due to the increased electron density on the metal 
center. This increase in electron density leads to greater it* backbonding and 
stronger Rh-CO bonding. If the carbonyl ligands cannot easily dissociate, 
formation of the reactive four coordinate 16 electron species needed for
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coordination of the alkene will be limited. The +2 oxidation state on each 
rhodium center can compensate for this added electron donation and still allow 
for labile terminal CO ligands.
2.4 New mechanism
These in situ studies have lead to the assignment that the active catalyst 
is rao[Rh2H2(p-CO)2(CO)2(etIph-P4)]2>, a dicationic species. This newly 
proposed mechanism centers around this dihydride (see figure 2.8). The 
presence of a localized cationic charge on each Rh is extremely important for 
lowering the electron density on the metal centers. The strongly donating 
phosphine centers in the et,ph-P4 ligand would deactivate a neutral Rh center 
by making it too electron rich. This, in turn, would coordinate the CO ligands 
too strongly and not allow the coordination of H2 or alkene. The catalytic cycle 
begins with the open mode pentacarbonyl complex [Rh2(CO)5(et,ph-P4)]2\  A. 
Oxidative addition of H2 can occur at this point following the elimination of a 
carbonyl ligand to yield species B. An intramolecular hydride transfer (C) and 
rotation to the closed mode can generate [Rh2H2(|i-CO)2(CO)2(et,ph-P4)]2+, D. 
Dissociation of a labile carbonyl ligand allows for coordination of the alkene to 
the metal center, E. The alkene may then insert into the metal-hydride bond to 
form the alkyl intermediate, F. Coordination of CO followed by carbonyl 
insertion into the metal-alkyl bond produces the acyl intermediate, G. After an 
intramolecular hydride transfer, reductive elimination of the aldehyde product 
occurs, H. This species can then go on to oxidatively add H2 directly and
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complete the catalytic cycle, H to C, or it can rearrange to the open mode,
[Rh2(CO)6<et,ph-P4)]2*, H to A.
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Figure 2.8: Proposed dicationic bimetallic mechanism.
A steric barrier exists for the direct rotation from this species to a closed 
mode intermediate. When two carbonyl ligands are present on each Rh center, 
large steric interference reduces the possibility of rotation to bring the two Rh
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centers together to form a double p-CO bridged structure. The figure below 
shows an example of this when the substituents on the phosphines are all 
methyl groups. When carbonyl ligands are dissociated and H2 is oxidatively 
added to one metal center, the rotation barrier is all but eliminated.
Figure 2.9: Steric barrier for rotation to the closed mode structure.
Another possible limitation to direct formation of the closed mode all 
carbonyl species may be an electrostatic barrier. All atoms in rac-Rh2(CO).«(L)2* 
exhibit a small partial positive charge. Rotation to bring the two metal centers 
close together would have to overcome an electrostatic repulsion barrier. 
However, it is possible that the addition of hydride ligands, which may exhibit 
partial negative charges, could lower the electrostatic barrier enough for the 
formation of a p-H, CO structure and a metal-metal bond. The formation of this 
metal-metal bond can also help lower the barrier to the closed mode.7
rac-Rh2(CO)4(me,me-P4)2* /?ac-Rh2H2(CO)2(me,me-P4)2+
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Figure 2.10: Electrostatic barrier for rotation to the closed mode structure.
The regioselectivity observed for our catalyst system is encouraged by the 
rigid nature of the edge-sharing bioctahedral structure. In most typical 
monometallic square planar rhodium catalysts, the ligands will bend away at the 
approach of the alkene to form a trigonal bipyramid or square pyramid. This 
limits the steric interactions with the substituents on the phosphines and reduces 
the effect these should play on the regioselectivity. Our catalyst system cannot 
distort in this manner, however, due to the presence of the Rh-Rh bond and the 
presence of the bridging carbonyl ligands. Therefore, little or no geometric 
reorganization occurs and the maximum steric directing effect is felt by the 
approaching alkene.
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CHAPTER 3 
SUBSTRATE AND LIGAND VARIATIONS
3.1 Ligand Variations
The high regioselectivity of the bimetallic catalyst based on rac-et,ph-P4 
can be partially explained by steric interference between the alkyl chain of the 
olefin and the alkyl/aryl substituents on the terminal and internal phosphines as it 
coordinates to the catalyst binding site. It should be recalled that the linear 
product is generally preferred in the hydroformylation of simple 1-alkenes. 
Increased steric interference at the pro-branched site, with limited interference at 
the pro-linear site, should increase the linear to branched regioselectivity. The 
majority of this interference in the pro-branched orientation results from the tail of 
the approaching olefin colliding with the phenyl substituent on the internal 
phoshine with some interference from the ethyl group on the external phosphine. 
These interactions are limited in the pro-linear binding interaction because the 
tail of the olefin points away from these substituents (figure 3.1).
New mechanistic developments discussed in chapter two lead to the 
improved binding site model shown in figure 3.2. This model again shows that 
steric interactions are one of the governing factors in the eventual 
regioselectivity. The new model shows with even greater clarity the importance 
of the relative size of the substituents on the terminal phosphines. Molecular 
modeling studies of the new binding site have shown that the pro-branched olefin 
orientation onto the binding site, which leads to the branched aldehyde product, 
is higher in energy than the pro-linear orientation.1 This higher energy is due to 
steric interactions between the olefin tail, the ethyl substituent on
28
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pro-branched
20
m
pro-linear
Figure 3.1: Originally proposed binding site. In this model the hydride ligand is 
oriented trans to the external phosphine.
the terminal phosphine, and the phenyl ring on the internal phosphine, In the
pro-linear orientation, only slight steric interference exists between the bridging
carbonyl and the olefin tail.
To test the extent of this steric effect on the selectivity and activity,
modifications to the P4 ligand system were made. These modifications were
made to the substituents on the terminal phosphines. The relative ease of
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substitution to the terminal phosphines, in comparison to the substituents on the 
internal phosphines, made this an obvious starting point for these tests. Three 
substituted ligands were synthesized, complexed, and tested for catalytic activity. 
The ethyl groups were replaced with alkyl or aryl substituents of different sizes 
and shapes.
pro-branched
pro-linear
Figure 3.2: Molecular modeling docking study of propylene onto the bimetallic
catalyst binding site.
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3.2 me,ph-P4 Ligand
The methyl substituted tetraphosphine, me,ph-P4, is an example of a 
tetraphosphine with slightly smaller alkyl substituents than et,ph-P4. This ligand, 
once coordinated to rhodium, theoretically should open the pro-branched binding 
cleft slightly and decrease the selectivity of linear to branched aldehydes. One 
might also expect an increase in the activity due to easier access of the olefin 
into the rhodium binding site. Increasing the amount of branched aldehyde 
produced, however, is useful for asymmetric hydroformylation where one wants 
to make the chiral branched aldehyde product. This will be discussed in more 
detail in chapter 4 of this work. This is another reason for the synthesis of the 
methyl substituted ligand.
3.2.1 Synthesis of me,ph-P4
Synthesis of me,ph-P4 proceeds essentially by the same mechanism as 
et,ph-P4. (Figure 3.2) Dimethylchlorophosphine is reacted with vinylmagnesium 
bromide to yield dimethylvinylphosphine in THF. Distillation to separate the 
product and the solvent proved unsuccessful. The product azeotropes with the 
THF for a constant boiling point of 56 °C. Therefore, excess dimethylvinyl­
phosphine in THF solution was added to the bis(phosphino)methane bridge and 
was photolyzed for time periods of 24 hours to 2 weeks with the progress of the 
reaction being monitored by 31P NMR.2 The time required for complete reaction 
depended on the concentration of the vinyl phosphine in the solution. The more 
concentrated the solution the less time required for complete addition of the vinyl 
phosphine to the bridging phosphine. With a relatively concentrated solution of
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vinyl phosphine, a 71% yield can be obtained in 24 hours. Dilute solutions have 
required as long as 2 weeks to reach completion. The 31P NMR of the final 
product shows a chemical shift of -2 5 .4  (1P, dd, JP.P = 11.9 Hz, JP.P =11.9  Hz) 
and -2 6 .3  ppm (1P, dd, JP.P= 11.7 Hz, JP.P =12.1 Hz) for the diastereotopic 
internal phosphorus atoms as well as -4 7 .3  (1P, dd, JP.P= 5.5 Hz. JP.P= 12.6 Hz) 
and -4 8 .0  ppm (1P, dd, JP.P = 4.37 Hz, JP.P =13.1 Hz) for the external 
phosphorus atoms.
D M F  C H 2 CI2
2 P h P H 2 + 2KOH - ►  2PhPH Ph(H)PCH2P(H)Ph
Ph
M e 2P
2 Me2P 
+
PMe,
Ph
P P 
y  \  
Ph Ph
h v
2 M e 2P (H C = C H 2 )
rac em ic  -  m e,p h -P 4 m eso  -  m e,p h -P 4
Figure 3.3: Synthesis of me,ph-P4.
3.2.2 Attempted separations of dimethylvinylphosphine from THF
In addition to the unsuccessful distillation of the vinylphosphine from THF, 
another method which was unsuccessful involved coordinating THF to 
titanium(IV) chloride to yield TiCI4'2THF. The titanium solution in toluene was 
added dropwise to a stirred solution of THF and dimethylvinylphosphine to yield 
initially a bright orange precipitate. Subsequent 31P NMR, however, of the 
toluene solution showed no indication of the vinylphosphine or any phosphorus 
product at all.
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Separations involving nickel(ll) thiocyanate have been employed in our 
group for several years. Therefore, an attempt to coordinate dimethylvinyl­
phosphine to the metal, separate from THF by precipitation, and then 
uncoordinate via cyanolysis was made. The THF solution of dimethylvinyl­
phosphine was added dropwise to an ethanolic solution of nickel(ll) thiocyanate. 
Initially, the solution turned slightly violet in color, then back to an olive green. No 
evidence of separation or coordination other than the initial color change was 
found.
An attempt was made to form the phosphonium salt of dimethylvinyl­
phosphine in order to separate the product from THF. This involved an addition 
of small amounts of HBF4 OEt2 to the THF solution. However, instead of forming 
just the phosphonium salt, a mixture of products resulted. The vinyl group on the 
phosphine reacted with the acid, as well as the lone pair on the phosphine. 
Therefore, this approach was also unsuccessful.
Recently, a new method has evolved to synthesize the dimethylvinyl­
phosphine. Vinylmagnesium bromide is only commercially available as a 1M 
THF solution. Clinton Hunt, a member of the Stanley research group, used 
literature information and succeeded in transferring the vinylmagnesium bromide 
out of THF and into tetraglyme, a much higher boiling solvent.3 This procedure 
has allowed for the isolation of pure dimethylvinylphosphine. Trap to trap 
distillation of the pure product from the viscous tetraglyme solvent is easily 
accomplished in 60 to 70% yields. This has been reacted neat with the bridging 
phosphine and photolyzed for 2 hours to quantitatively yield me,ph-P4.
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3.3 /-pr,ph-P4 Ligand
3.3.1 Synthesis of /-pr,ph-P4
The isopropyl substituted tetraphosphine /-pr,ph-P4 is an example of 
adding larger alkyl substituents on the external phosphines. One would expect 
the increased steric bulk of this ligand to greatly effect both the activity and the 
regioselectivity of the catalyst system. In the et,ph-P4 catalyst, the phenyl ring 
and ethyl groups can rather easily rotate to open the binding site on the rhodium 
In the isopropyl system, the added steric interactions caused by the addition of 
four isopropyl substituents to the complex could cause rotation to be difficult at 
best. This steric strain might not be isolated at the binding site, but could be 
distributed throughout the entire bimetallic system making it harder to rotate into 
the closed-mode geometry.
Synthesis of this ligand begins with diisopropylchlorophosphine which is 
reacted with vinylmagnesium bromide to yield diisopropylvinylphosphine. This 
product is photolyzed with the bis(phosphino)methane bridge unit neat, no 
solvent, to yield /'-pr,ph-P4 quantitatively.
P/ -Pr
2
/- Pr2 P Ph Ph
racem ic  -  i -pr,ph-P4 m e so  -  i -pr,ph-P4
Figure 3.4: Diastereomers of /-pr,ph-P4
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The 31P NMR of the final product shows a chemical shift o f -2 6 .6  (1P, dd,
ppm for the diastereotopic internal phosphorus atoms as well as 8.4 ppm (2P, dd, 
Jp-p = 9.2 Hz and Jp-p = 16.4 Hz) for the external phosphorus atoms.
3.4 ph,ph-P4 Ligand
3.4.1 Synthesis o f ph,ph-P4
Increasing to an even larger substituent size, the P4 ligand system has 
been prepared using all phenyl substituents. This ligand was first reported by 
Laneman.4 Rotation of the phenyl groups in this system is actually easier than in 
the isopropyl system. The phenyl rings on the internal and external phosphines 
can align in such a way that the binding site is still somewhat accessible. There 
is, however, still a large degree of steric bulk added to this ligand system. The 
olefin would have to overcome a great deal steric hindrance on its approach to 
the binding site. This should decrease the activity significantly from that 
observed with the ethyl system.
Figure 3.5: Diastereomers of ph,ph-P4
Synthesis of this ligand begins with the commercially available 
diphenylvinylphosphine. This is reacted neat with the bridging unit and 
photolyzed for approximately 2 hours. A 1:1 diastereomeric mixture of the
Jp.p = 11.4 Hz, Jp.P = 15.3 Hz) and -2 7 .4  (1P, dd, JP.P = 15.3 Hz, JP.P = 11.4 Hz)
PPh 2
P h 2P Ph Ph
racem ic  -  p h ,p h ‘ P4 m e so  - p h ,p h -P 4
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racemic and meso diastereomers results. The diastereomers of this ligand can
be separated by recrystallization from cold diethyl ether. This process gave
about a 70% yield of the racemic ligand.
The 31P NMR of the mixed product shows a chemical shift of -26.8 ppm
(1P, dd, Jp.p =  13.3 Hz and 17.0 Hz) and -27.6 ppm (1P, dd, J PP=  13.3 Hz and
17.0 Hz) for the diastereotopic internal phosphorus atoms as well as -14.0 ppm
(2P, dd. JP.p= 13.3 Hz and 17.0 Hz) for the external phosphorus atoms.
Synthetic efforts centered on the racemic catalyst precursor as similar P4 based
catalyst systems have shown this to be the active diastereomer.
3.5 Synthesis of Catalyst Precursors Employing me,ph-P4, /pr,ph-P4 and 
ph,ph-P4
3.5.1 Synthesis of rac-[Rh2(nbd)2(m e,ph-P4)] (BF4)2
The mixed ligand (both racemic and meso diastereomers), me,ph-P4, in a 
dichloromethane solution is added to two equivalents of [Rh(nbd)2](BF4) in 
dichloromethane. The product is precipitated in diethyl ether. Upon 
recrystallization of the red-orange powder in minimal amounts of cold acetone, 
only the r‘acem/c-[Rh2(nbd)2(me,ph-P4)](BF4)2 crystallizes from solution as red 
crystals.
The 31P NMR of the final racemic product shows a chemical shift of 45.2 
(1P, d, Jp.p = 23.1 Hz) and 41.2 ppm (1P. d, JP.P = 25.8 Hz) for the internal 
phosphorus atoms as well as 40.0 (1P, d. JP.P = 23.4 Hz) and 36.3 ppm (1P, d, 
Jp.p= 24.7 Hz) for the external phosphorus atoms. Isolation of the meso product 
was not accomplished.
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Figure 3.6: 31P NMR of /-3ce/77/c-[Rh2(nbd)2(me,ph-P4)](BF4)2.
3.5.2 Crystal Structure and Table of Selected Bond Distances
The crystal structure for rac-[Rh2(nbd)2(me,ph-P4)] (BF4)2 shows strong 
similarities to that of rac-[Rh2(nbd)2(et,ph-P4)] (BF4)2. Tables 3.1 and 3.2 show 
selected bond distances and angles for the structure of this compound compared 
to those of rac-[Rh2(nbd)2(et,ph-P4)]2+. Observed crystallographic data are as 
follows: Formula Rh2P4C44H66B203F8, FW 1146.3, orange-red irregular fragment, 
crystal size 0.50 x 0.55 x 0.65 mm, space group: P1, a = 12.0472(6) A, b =
14.3366(5) A, c = 16.251(8) A, (3 = 95.709(4), T = 22 °C, R = 0.047, 9130
observed data.
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rac-Rh2(nbd)2(me,ph-P4)2+ 
Catalyst Precursor
C7N
[CmC3N LC9N >C8N C U N
C 2N.
rCSN
C1P
Rh2Rh1
C7P
P4C21 P3P2
C41[C11
.C 22 [C1 2
C32
Figure 3.7: Ortep of racem/c-[Rh2(nbd)2(me,ph-P4)](BF4)2. Counter ions have
been omitted for clarity.
A distorted square planar geometry is present at both metal centers. This 
distortion away from ideal can be explained by the puckering of the five 
membered chelate rings. The complex adopts an open mode conformation in 
which the two halves of the catalyst precursor are rotated away from each other 
by rotation at the central methylene carbon. This is also observed in the et.ph- 
P4 system. The bond angles in the me,ph-P4 system are slightly smaller in 
comparison to the et,ph-P4 system indicating less steric strain.
Though no formal metal-metal bond exists in the precursor, the rhodium centers 
can rotate close enough about the central methylene bridge to form a closed 
mode confirmation with the possibility of formation of a metal-metal bond.
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Table 3.1. Comparison of Selected Bond Distances (A) and Angles (°) for
[rac-Rh2(nbd)2(P4)](BF4)2 (nbd = norbornadiene, P4 = me,ph-P4 and 
et,ph-P4 tetraphosphine ligands).
P4 = me,ph-P4 P4 = et,ph-P4
Rh1-Rh2 5.416(1) 5.5058(6)
Rh1-P1 2.292(1) 2.319(2)
Rh1-P2 2.275(1) 2.281(2)
Rh1-C1N 2.235(5) 2.249(6)
Rh1-C2N 2.224(5) 2.237(6)
Rh1-C4N 2.218(5) 2.198(6)
Rh1-C5N 2.223(5) 2.217(6)
Rh2-P3 2.317(1) 2.292(2)
Rh2-P4 2.281(1) 2.284(2)
Rh2-C8N 2.222(4) 2.240(6)
Rh2-C9N 2.239(5) 2.237(6)
Rh2-C11N 2.209(5) 2.212(6)
Rh2-C12N 2.190(6) 2.209(6)
P1-Rh1-P2 83.19(5) 83.84(6)
C1N-Rh1-C4N 76.5(2) 77.4(2)
C2N-Rh1-C5N 76.5(2) 77.7(2)
P3-Rh2-P4 83.52(4) 83.45(6)
C8N-Rh2-C11N 76.8(2) 77.6(3)
C9N-Rh2-C12N 76.4(2) 77.4(3)
P1-C’-P3 119.2(2) 120.2(3)
Rh1 -P1-P3-Rh2 109.4 108.4
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3.6 Synthesis of [Rh2(nbd)2(/-pr,ph-P4)] (BF4)2
The mixed ligand, /-pr,ph-P4, in dichloromethane solution is complexed to 
two equivalents of [Rh(nbd)2](BF4) in dichloromethane solution by dropwise 
addition to the metal. Further purification or separation of the diastereomers of 
this complex by recrystallization could not be achieved. The product was 
isolated as a red powder. The 31P NMR of the final product shows a chemical 
shift of 53.9 (2P, d, JP.P = 20.7 Hz) and 51.9 ppm (2P, d, JP.P = 20.4 Hz)for the 
diastereotopic internal phosphorus atoms as well as 74.8 (2P, d, JP.P = 19.5 Hz) 
and 73.3 (2P, d, JP.P=19.2) ppm for the external phosphorus atoms. This 
spectra shows an overlapping set of doublets.
~i ■-- 1-- >-- 1-- •-- 1-- ■-1— ’— i— ’— i  — i---- ■ r • " i    1 • i-- ■-- r ’ i ' I ' r-
7 8  76 74  7 2  70  6 8  6 8  8 4  6 2  60  SB S 6 5 4  3 2  5 0  48
PPM
Figure 3.8: 31P NMR of mixed [Rh2(nbd)2(/-pr,ph-P4)] (BF4)2.
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3.7 Synthesis of rac-[Rh2(nbd)2(ph,ph-P4)] (BF4)2
After separation of the ligand diastereomers by recrystallization from cold 
diethyl ether, the mostly racemic ligand (70%) was complexed with 
[Rh(nbd)2](BF4) and recrystallized from cold acetone. Red crystals of the racemic 
diastereomer and a fine yellow powder of the meso form are produced. The 31P 
NMR of the final racemic product shows a chemical shift of 57.1 (1P, d, JP.P = 5.6 
Hz)and 56.8 ppm (1P, d, JP.P= 7.4 Hz)for the internal phosphorus atoms as well 
as 55.5 (1P, d, JP.P= 7.5 Hz)and 55.3 ppm (1P, d, JP.P = 7.43 Hz) for the external 
phosphorus atoms. From previous experience, the meso form of this family of 
catalysts has been shown to be a hydroformylation catalyst. Therefore, the focus 
of this research was on the racemic diastereomer.
Figure 3.9: 31P NMR of rac-[Rh2(nbd)2(ph,ph-P4)] (BF4)2.
3.8 Catalytic Results
For all three cases, decreases are seen in both activity and selectivity as 
compared to racem/c-[Rh2(nbd)2(et,ph-P4)](BF4)2 for the hydroformylation of 
1-hexene in acetone. The olefin is stored in an external container until the active 
catalyst has been generated by heating to 90 °C at half operating pressure.
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Table 3.2: Hydroformylation of 1-Hexene by [Rh2(nbd)2(X,ph-P4)](BF4)2 
Substituted Catalysts versus rac-[Rh2(nbd)2(et,ph-P4)](BF4)2 (90 psig, 90 °C,
1mM catalyst in acetone).
CATALYST Initial
Turnovers/hr
Aldehyde
Linear/Branched
Ratio
Alkene
Isomerization
Racemic X = Et 640 28:1 8%
Racemic, X = Me 120 13:1 17%
Mixed, X = /-Pr 102 4:1 56%
Racemic, X = Ph 380 9:1 24%
In the me,ph-P4 system, the decrease in regioselectivity can be easily 
explained because the branched binding cleft has opened slightly, making 
binding in the pro-branched mode more favorable. Less steric interference exists 
between the tail of the olefin and the substituent on the terminal phosphine.
More of the branched aldehyde product results from the decreased steric strain 
in the pro-branched orientation on docking.
This can also explain the increase in olefin isomerization due to the 
increased formation of the branched alkyl intermediate. The decrease in linear to 
branched aldehyde ratio is not as drastic as the change in the reaction rate. A 
decrease from 28:1 to 13:1 only represents a change in the percentage of linear 
aldehyde formed from 96.6 to 92.9%. However, the drop in turnover frequency is 
drastic. Formation of this additional branched product is probably partially 
responsible for the decrease in activity. The presence of the branched alkyl 
intermediate can lead to (3-hydride elimination and, therefore, olefin isomerization
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to an internal olefin. Competition between this side reaction and the 
hydroformylation process should result in a lower turnover frequency.
However, it is also difficult to compare the methyl catalyst system to the 
ethyl catalyst due to differences in the kinetics of the two. The uptake curve for 
the hydroformylation of 1-hexene with the methyl catalyst (figure 3.10) indicates 
that the system operates through a nearly zero ordered reaction with respect to 
substrate concentration. Very little change in turnover frequency is observed 
until an appreciable amount of the substrate is consumed. This differs from the 
ethyl system, which operates via a first order reaction with regard to olefin 
concentration. Therefore, one cannot directly compare the initial turnover 
frequencies of two reactions.
Hydroformylation of 1-Hexene with Methyl catalyst
300
U3
|  200 
I  ’SO
0
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CV
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Figure 3.10: Uptake curve for the hydroformylation of 1-Hexene with rac-
[Rh2(nbd)2(me,ph-P4)](BF4)2.
If the substituents on the phosphorus atoms had enough steric bulk to
effectively block the pro-branched binding cleft, while allowing access to the
metal center, this would increase the linear to branched ratios to very high levels.
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For this reason, the larger phenyl and isopropyl substituents were built into the 
ligand system.
In the ethyl substituted system, shown on the bottom of figure 3.11, the 
phenyl ring and ethyl groups can easily rotate to open up the binding site on the 
rhodium. However, in the isopropyl system, this rotation would be more difficult. 
Rotation of the isopropyl group can cause steric interactions with the phenyl ring 
as well as with the other isopropyl groups. Furthermore, the addition of four 
isopropyl substituents to the complex increases the steric strain in the whole 
bimetallic system.
Figure 3.11: Molecular modeling studies on the isopropyl, phenyl and ethyl
catalysts (top to bottom).
Due to the increased steric interaction, the isopropyl system could be acting as
two monometallic units in the open mode, where the two rhodiums are rotated
away from each other and the two metal centers are acting independently. This
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could account for the dramatic drop in activity and selectivity. Monometallic half 
complexes of our system have been shown to have low activity (1-2 
turnovers/hr.) and extremely low aldehyde regioselectivity.5 Some cooperative 
interaction, however, must be occurring between the two metal centers. The 
activity of the isopropyl system, although considerably slower than the ethyl 
system, is still 50 times faster than these poor monometallic systems. As 
discussed in chapter 2, rotation of the open mode intermediate to the closed 
mode orientation is a necessity for the intramolecular hydride transfer to occur. 
The example shown in chapter 2, figure 2.9, illustrates the difficulty in rotation in 
rac-Rh2(CO)4(me,me-P4)2+. Replacement of two CO ligands with two hydrides 
allows for easier rotation to the closed mode structure. However, the introduction 
of either phenyl groups or isopropyl groups on the terminal phosphines raises the 
energy required for this rotation. These bulkier groups also increase the overall 
strain energy in the closed-mode geometry. This should reduce the turnover 
frequency a great deal.
In the phenyl substituted system, rotation of the phenyl rings is more 
easily accomplished than in the isopropyl case. However, the large amount of 
steric bulk should still block the olefin as it approaches the binding site thus 
decreasing the turnover rate and regioselectivity.
Again, the rate decrease may also be a product of the high isomerization 
rate. Electronic factors, however, might further explain the faster rate versus the 
isopropyl and methyl systems. Since phenyl groups are less electron donating 
than alkyl groups such as methyl and isopropyl, less electron density is on the 
metal center to backbond to the carbonyl. This weakens the carbonyl-metal
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bond and makes the CO more labile. The dissociation of the carbonyl and the 
coordination of the alkene is thought to be the rate determining step. If the 
dissociation of the CO is accomplished easier, then the rate will increase. The 
electronic factors could be overriding the steric effect in this case. The ph,ph-P4 
bimetallic catalyst could also be functioning as a monometallic catalyst, which 
could help explain the rate and regioselectivity. Further studies are needed to 
sort out these various possibilities.
3.9 Substrate Variations
3.9.1 Mass Spectral Analysis o f a-Olefins
In performing hydroformylation experiments with rac-[Rh2(nbd)2(et,ph- 
P4)](BF4)2 on a series of a-olefins, Dr. Spencer Train noticed a discrepancy with 
odd numbered olefins such as 1-pentene and 1-heptene (see table 3.4).6 A 
dramatic drop in activity and large increase in olefin isomerization was noted. In 
the case of 1-hexene to 1-heptene, the drop from 640 turnovers per hour to 134 
turnovers per hour and the 28.3% increase in olefin isomerization is especially 
suprising. Consultation by Professor Stanley with Dr. John Briggs of Union 
Carbide led to the suggestion that the presence of conjugated dienes in the 
starting olefins, as a result of the way they are made, might be poisoning the 
catalyst.7
With the help of Dr. Tracy McCarley in our mass spectroscopy facility, 1- 
hexene, 1-heptene, 1-octene, and 1-decene were analyzed by GC-MS for 
impurities which might account for this discrepancy, specifically conjugated
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dienes. As expected, the 1-heptene sample showed evidence of a diene 
product. By rough integration this diene accounted for 1.5% of the sample.
Table 3.3: Hydroformylation with a-Olefins in Acetone at 90°C and 90 psig 
_______   H2/CO (three hour reaction time).______ ____________
Olefin Initial
(TO/hr)
Alkene
conversion
to
aldehyde
Linear to 
branched 
aldehyde 
ratio
Alkene
isomerization
(%)
Alkene
Hydrogenation
(%)
Ethylene 1930 100 Only
linear
— —
Propylene 1100 100 20.0 _  _ _ _
1-Butene 1060 89.9 20.1 5.18 0.96
1-Pentene 580 65.7 23.1 18.5 0.86
1-Hexene 640 85.0 27.5 8.0 3.4
1-Heptene 134 27.1 20.7 36.3 2.8
1-Octene 915 86.7 21.1 5.13 2.1
From previous studies performed on this catalyst, it is known that hydro­
formylation slows down dramatically in the presence of dienes.8
3.9.2 Spiking studies
Spiking studies with 1,3-pentadiene, 3% by volume, were performed on a 
standard 1-hexene hydroformylation run. Surprisingly, only a slight decrease in 
activity was noted with the reactivity dropping from 640 TO/hr. to 444 TO/hr. as 
shown in the uptake curve below (see figure 3.12). There is a definite increase in 
isomerization, however, with this impurity, which rose from 3.4% to 19.6%. No
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evidence of the dramatic decrease in activity observed with the 1-heptene 
experiment was found. Therefore, this particular impurity should not be 
responsible for the difference in the odd numbered olefins.
600.00 RH 5 3 6 , 1 -H exen e spiked (3 % )
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Figure 3.12: Uptake curve for the hydroformylation of 1-Hexene spiked with 3%
v/v 1,3-pentadiene.
The uptake curve shown in figure 3.13 illustrates a very low turnover 
frequency and low conversion. This alkene was from the same bottle Dr. Train 
used approximately 2 years earlier. The impure substrate from this same bottle 
showed 34 TO/hr, 0.68% conversion, 81.2% isomerization and a linear to 
branched selectivity of 5:1.
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Figure 3.13: Uptake curve for impure 1-heptene.
To remove impurities from the 1-heptene, the liquid alkene was passed 
over an activated alumina column. The purified 1-heptene was then used in a 
hydroformylation experiment. The results with this purified olefin show a much 
higher degree of activity will less isomerization side reactions, 640 TO/hr, 82.6%  
conversion, and 16.6% isomerization. (See figure 3.9) The regioselectivity was 
still slightly lower as compared to the 1-hexene at 23:1 linear to branched 
aldehydes. Therefore, the discrepancy between the odd and even olefins is only 
a matter of purity and not directly related to the olefin preparation as previously 
thought. It is most likely the presence of peroxide impurities or other oxygen 
containing compounds which are interrupting the catalytic activity. These 
peroxides may be oxidizing the metal center, resulting in an inactive catalyst 
species.
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Figure 3.14: Uptake Curve for Purified 1-Heptene Hydroformylation Run. 
3.10 Conclusions
Probing the proposed binding site has shown that the catalyst precursor, 
rac-[Rh2(nbd)2(et,ph-P4)](BF4)2. may have an ideal steric environment for active 
and selective hydroformylation of a-olefins as compared to catalysts based on 
simple modifications of the substituent groups on the external phosphorus 
centers. All three new P4 ligand systems discussed in this chapter showed lower 
activity and regioselectivity. They also exhibited increased isomerization side 
products. These results generally agree well with predictions made by molecular 
modeling studies on these systems.
The odd-even effect in various substrates has been shown to be an 
alkene purity problem probably involving peroxide impurities rather than a result
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of conjugated dienes. To solve this problem, all alkenes are now passed through 
an activated alumina column under inert atmosphere prior to their use, effectively 
ridding them of these impurities.
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CHAPTER 4
ASYMMETRIC HYDROFORMYLATION CATALYSIS
4.1 Asymmetric hydroformylation
Asymmetric catalysis has gained much interest in recent years for the 
production of enantioselective pharmaceuticals.1 In particular, asymmetric 
hydrogenation has been very successful.2 Of late, the use of chiral catalysts for 
hydroformylation is of particular interest.3 The branched aldehyde product is 
preferred in asymmetric hydroformylation due to the formation of a chiral center. 
In order for an asymmetric catalyst to be effective, the regioselectivity to this 
branched aldehyde should be maximized. This is in direct opposition to the 
hydroformylation of a-olefins, where the linear, achiral aldehyde is preferred.
An important potential application of asymmetric hydroformylation is the 
enantioselective synthesis of S-naproxen, an active anti-inflammatory drug. The 
R-enantiomer, however, is a very potent liver toxin.4 As shown below, 
asymmetric hydroformylation would provide one of the most direct routes from a 
substituted vinyl arene to the chiral precursor to S-naproxen. Increasing the 
amount of branched aldehyde is important for asymmetric hydroformylation due 
to the chiral center formed.
S -na p ro xen
Figure 4.1: Enantioselective synthesis of S-naproxen.
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Another important family of precursor alkenes is the vinyl ester series. 
Vinyl acetate, for example can be hydroformylated to 2-acetoxypropanal. This is 
a key precursor for the Strecker synthesis of /-threonine, which is an essential 
amino acid not synthesized by the human body.5
Unlike asymmetric hydrogenations, asymmetric hydroformylation has 
proven much more difficult. Controlling the chemoselectivity (aldehyde 
production versus hydrogenation or alkene isomerization side reactions), regio­
selectivity (branched versus linear aldehyde products) and enantioselectivity has 
proven to be quite challenging. In order for any catalyst to be commercially 
viable, these three properties must all be controllable.6
4.2 Platinum/Tin versus Rhodium Catalysts
The best results for asymmetric hydroformylation have been achieved using 
either platinum(ll) or rhodium(l) catalysts. Stille’s work in platinum complexes 
has shown high enantioselectivities, but very slow reaction rates and high 
amounts of the hydrogenations side products/ Stille’s use of platinum 
complexes of (2S, 4S)-4-diphenylphosphino)-2-[(diphenylphosphino)methyl] 
pyrrolidine, [(-)BPPM]PtCI2 SnCI2, figure 4.3, in particular, has shown 
enantiomeric excesses (e.e.’s) in the hydroformylation of styrene of 70-80%. He 
reported even higher e.e.’s when the aldehyde was trapped by the addition of
0  Hj /CO
Cat*
l - th re o n in e
Figure 4.2: Enantioselective synthesis of /-threonine
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triethyl orthoformate.4a However, this lowered the reaction rate considerably [150 
hours to reach 100% conversion (400 equivalents of substrate) as opposed to 4 
hours to reach 40% conversion without triethylorthoformate]. These catalysts 
also require high pressures of H2/CO for optimum performance, up to 3200 psig. 
They also have poor branched to linear selectivity.
Figure 4.3: Platinum based asymmetric hydroformylation catalyst.
4.3 Monometallic Rhodium Asymmetric Hydroformylation
Rhodium catalysts are generally faster and require lower operating 
pressures of H2/CO than the platinum-based systems. Hobbs and Knowles have 
studied the hydroformylation of vinyl esters using monometallic rhodium catalysts 
based on DIOP ligands and DIOP derivatives (figure 4.4).8 These catalysts have 
shown branched to linear regioselectivities between 75-95% for vinyl acetate.
The catalyst, based on DIPHOL, showed the first enantiomeric excess from a 
rhodium catalyst above 50% at 51%. The catalyst is generated in situ by 
combining R.R-DIPHOL and Rh(COD)(acac). The conditions for the reaction are 
milder than those for the Pt/Sn based catalysts, 80°C and 500 psig H2/CO. This 
catalyst was also much faster with an average turnover frequency of 325 TO/hr.
tBuO O
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Figure 4.4
Gladiali and Pinna reported slightly higher e.e.'s for the asymmetric 
hydroformylation of methyl N-acetamidoacrylate.9 Using HRh(CO)(PPh3)3 and 
(-)-DIOP (4:1 ligand to metal), methyl N-acetamidoacrylate was hydroformylated 
to 90% branched aldehyde. No linear aldehyde was detected. At 30°C and 10:1 
H2/CO mixture, 100 atm, they observed an e.e. of 59%. Not surprising, when 
using RhCI3 or Rh(CO)CI(PPh3)2 in the presence of (-)-DIOP only trace amounts 
of aldehyde are produced. Hydroformylation catalysis is generally poisoned by 
the presence of chloride ions.
The next major advance in rhodium catalyzed asymmetric hydro­
formylation came with Takaya and Nozaki’s work with R.S-BINAPHOS.10 
Spurred by advances with bisphosphite ligands with bulky substituents, they 
developed a "phosphine-phosphite” hybrid in an attempt to improve results with a 
wide variety of substrates. Their results with some commercially viable 
substrates are shown below (table 4.1).11
55
(-)-D lPHOL  
: DIOP AND DIPHOL Ligands.
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PPh
O----
R.S-BINAPHOS 
Figure 4.5: R.S-BINAPHOS  
Table 4.1: Catalytic results for (RS)-B INAPHOS
Substrate % Conversion Branched/Linear
Ratio
% e.e. Configuration
Vinyl acetate >99 6.1:1 92 S-(-)
Styrene >99 7.3:1 94 S-(+)
1-Hexene 90 0.3:1 75 R-(-)
Takaya’s phosphine-phosphite catalyst system locks into a trigonal 
bipyramidal geometry where the phosphine occupys one of the equatorial sites 
and the phosphite is in an axial site. The phosphite is trans to the strongly 
electron donating hydride ligand. The electronic differences between phosphine 
and phosphite may encourage this rigid steric environment. This environment 
leads to a well defined chiral binding cleft and effective asymmetric induction.
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CO
Figure 4.6: Takaya's phosphine-phosphite based hydroformylation catalyst. This 
figure shows the ligand locked into the axial-equitorial symmetry.
The most probable precursor to this hybrid phosphine-phosphite ligand 
was the chelating diphosphite ligands studied by Babin and Whiteker (Union 
Carbide) as monometallic rhodium catalysts.12 They reported the asymmetric 
hydroformylation of styrene by (isoBHA-P)-2R,4R-pentanediol (figure 4.6, UC- 
P2‘ ). At 25°C, 34 atm H2/CO, 4:1 ligand to metal in toluene, they observed a 
49:1 branched to linear ratio with 90% e.e. The asymmetric hydroformylation of 
vinyl acetate, however, didn’t exhibit these dramatic results with e.e.’s only in the 
50% range.
P — O
O M eM eO
M e O O M e
uc-p2*
Figure 4.7: UC-P2*
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Both Takaya’s system and these bisphosphites have two major 
disadvantages. Both catalysts require excess ligand to exclude the formation of 
[RhH(CO)4], the highly active and poorly selective species discussed in chapter 1 
of this dissertation. Dissociation of the phosphite or phosphine arm(s) can form 
this intermediate. Also, phosphites, again as described in chapter 1, are prone to 
fragmentation problems. Takaya's system, however, locks into a favored 
equatorial-axial symmetry, due to the phosphine/phosphite combination. This 
could account for the higher enantiomeric excesses obtained by RS-BINAPHOS.
4.4 Bimetallic Asymmetric Hydroformylation
While some success has been achieved with monometallic catalysts for 
asymmetric hydroformylation, the only example of bimetallic asymmetric 
hydroformylation to date involves chiral-[Rh2(nbd)2(et,ph-P4)]2+.13 The chiral 
catalyst based on the resolved R,R- or S,S-et,ph-P4 has shown excellent activity 
and good regio- and enantioselectivity to the hydroformylation of vinyl esters. 
Molecular modeling studies performed by Stanley predicted that this catalyst 
should have a steric environment conducive to outstanding asymmetric induction. 
For example, a modeling study of vinyl acetate docked onto [S,S- 
Rh2(nbd)2(et,ph-P4)]2+ showed a 2.9 kcal/mole difference in energy favoring the 
ester tail of the substrate pointing between the ethyl group on the terminal 
phosphine and the phenyl ring on the internal phosphine (figure 4.8). This 
energy difference agrees closely with the enantiomeric excess observed 
experimentally. When crystalline catalyst precursor is used to generate the 
active catalyst in situ, 85% enantiomeric excess is achieved for the
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hydroformylation of vinyl acetate. Lower ee’s were reported when the catalyst 
was not recrystallized. When this less enantiopure catalyst was used, a 
maximum %ee of 78% was obtained.
+2.9 kcals
Figure 4.8: Molecular modeling study of vinyl acetate docked onto the metal
center.
Initial modeling studies involving the chiral catalyst based on me,ph-P4 
have indicated that both the branched to linear regioselectivity and asymmetric 
induction should increase. This chapter reports initial efforts toward asymmetric 
hydroformylation of vinyl esters using this catalyst.
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Methyl Substituted Catalyst Binding Site
Figure 4.9: Molecular modeling study of vinyl acetate docked onto the metal
center of [Rh2(nbd)2(me,ph-P4)]2+.
4.5 Hydroformylation of Vinyl Esters with rac-[Rh2(nbd)2(me,ph-P4)](BF4)2
The catalyst based on me,ph-P4 has shown promise as an asymmetric 
hydroformylation catalyst. The binding site opens up slightly in changing the 
ethyl groups on the terminal phosphines to methyl groups. This allows the vinyl 
ester to dock more easily into the pro-branched binding cleft. The racemic 
catalyst, although not higher in activity than the catalyst based on et,ph-P4, 
showed higher regioselectivity to the formation of the branched aldehyde, the 
favored product (4:1 b/l for et,ph-P4, 15:1 b/l for me,ph-P4).
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Figure 4.10: Uptake curve for hydroformylation of vinyl acetate: rac-et,ph-P4
catalyst vs. rac-me,ph-P4 catalyst
From figure 4.10, one can see that the hydroformylation of vinyl acetate by 
the me,ph-P4 based catalyst operates via a nearly zero ordered reaction with 
regard to substrate concentration. In the et,ph-P4 system, a psuedo-first order 
reaction is noted. The rate of aldehyde production in the methyl system is, 
therefore, independent of olefin concentration.
As predicted, the branched to linear regioselectivities for the hydro­
formylation of various vinyl esters by the racemic methyl system increased in 
comparison to the racemic ethyl based system. Catalytic results for both 
systems are shown in the table below.
Table 4.2: Comparison of hydroformylation results for et,ph-P4 and me,ph-P4 
catalyst systems. (0.3 mM catalyst concentration, 90 °C, 90 psig, acetone)
b: l
A l k e n e et ,ph-P4  m e ,ph -P4
v i ny l  aceta te 4  ( 8 5 %  ee) 15
v i ny l  p r o p i o n a t e 4 ( 8 5 %  ee) 18
v i ny l  b u t y r a t e 6 16
v i ny l  be nz oa t e 15 3 5 *
4.1 branched to Hnaar
15:1 branched to l in ta r
rtc *# 1 .p h*P 4  c a ta ly s t In a c t io n *  
ra c -m *.p h -P 4  (m e th y l)  c a ta ly s t In  a c t io n *
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Initial attempts to obtain the enantiomeric excess for vinyl butyrate and 
vinyl benzoate using the chiral-et,ph-P4 bimetallic complex were hindered by the 
temperature limitations of the [3-TA chiral capillary GC column that we previously 
used. This column was also extremely sensitive to oxygen and water 
contamination. For these reasons, a new chiral GC column was obtained and 
steps were taken to prevent contaminants from interfering with the separations. 
The new column, a [3-DM column, has a much higher maximum operating 
temperature (230°C vs. 180°C for [i-TA); therefore effective separation of the 
aldehyde products of both vinyl butyrate and vinyl benzoate can be afforded. As 
an added precaution, we increased the helium purity to grade 5, ultra high purity, 
and added an oxygen scrubber and desiccant to the plumbing of the instrument. 
This should extend the life of the column, as well as allow for more reliable 
separation.
Another problem encountered was isolation of the aldehyde products.
This was accomplished by removal of the solvent by ambient distillation for vinyl 
acetate. Isolation of the aldehyde products for vinyl benzoate required 
sublimation after the acetone had been distilled away.
4.6 Isolation of Enantiomer 1 from mixed-me,ph-P4
Isolation of the enantiomers of the et,ph-P4 ligand required the initial 
separation (to greater than 98% pure) of racemic-et,ph-P4 from a diastereomeric 
1:1 mixture of the racemic and meso ligands. This tedious, although effective, 
separation often results in only 25% recovery of the racemic ligand diastereomer. 
The ligand enantiomers were then separated using a semi-preparative
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Chiracel-OD HPLC column. This column separates on the basis of the formation 
of diastereomeric transient adsorbates as the ligand passes over the chiral 
stationary phase (CSP). This column, in particular, is derived from cellulose and 
coated onto 10 pm silica gel. The racemic et,ph-P4 is best separated under the 
following conditions: 200 mg/mL racemic-et,ph-P4 (>98%) in 2% isopropanol/- 
98% hexane, 2% isopropanol/98% hexane as the eluent, 0.5 ml_ injection size, 3 
mL/min actual flow rate. Under these conditions, effective separation could be 
obtained. However, when 80% racemic-et,ph-P4 ligand was used, no effective 
separation could be obtained due to the coelution of the meso ligand with both 
enantiomers. This coelution required separation of the mixed ligand prior to 
HPLC separation in order to obtain both enantiomers cleanly.
When mixed me,ph-P4 was resolved through use of the chiral HPLC 
system, very effective separation of the first enantiomer was achieved. Clean 
baseline separation was observed between the first enantiomer and the meso 
diastereomer. This chiral ligand could then be easily collected under nitrogen 
and used to synthesize the chiral catalyst. This ligand was separated on the 
same CSP used for the et,ph-P4. Conditions were 2% isopropanol/98% hexane, 
200 mg/mL mixed-me,ph-P4 in 98% hexane/2% isopropanol in order to obtain a 
flat baseline, 0.4 mL injection size, 3.4 mL/min actual flow rate. The retention 
time for enantiomer 1 was 28 minutes. This smaller injection size (0.4 mL in 
me,ph-P4 versus 0.5 mL in et,ph-P4) was necessary in order to obtain baseline 
separation between enantiomer one and the meso diastereomer. Some 
separation is observed between the meso diastereomer and enantiomer two.
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However, baseline separation could not be achieved. Therefore, isolation of the 
pure second enantiomer was impossible. Isolation of enantiomer two will again 
require employment of the nickel separation chemistry to isolate pure rac-me.ph- 
P4.
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Figure 4.11: Chiral HPLC resolution of enantiomers of mixed-me,ph-P4.
4.7 Synthesis of Chiral Catalyst [Rh2(nbd)2(meIph-P4)](BF4)2
This catalyst was synthesized in the same manner as that for the racemic 
form. Reaction of the chiral ligand with two equivalents of [Rh(nbd)2]BF4 
produces an orange-yellow powder upon precipitation in diethyl ether. Attempted 
recrystallizations from several different solvent systems all failed. It was purified 
to some degree by passage through a silica gel column with 3:1 dichloro- 
methane/acetone as the eluent. This yielded a red-orange powder. Pure 
crystalline product, however, could not be obtained. Attempted synthesis of the 
neutral allyl precursor resulted in a sticky yellow powder. Future isolation of 
crystalline material must be achieved to reach maximum enantiopurity. The 31P
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NMR of the chiral catalyst precursor indicates that some meso impurity is present 
(roughly 10%). This impurity surely affects not only the reaction rate, but also the 
regio- and enantioselectivity.
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Figure 4.12: 31P of chiral 1-[Rh2(nbd)2(me,ph-P4)]2+.
4.8 Asymmetric Hydroformylation results
The chiral 1-[Rh2(nbd)2(me,ph-P4)]2+ catalyst was used for the asymmetric 
hydroformylation of various vinyl esters. These preliminary results are shown in 
the table below. Conditions for hydroformylation were 0.3 mM catalyst 
concentration in acetone, 1000 equivalents of substrate, 90 °C, 90 psig 1:1 
H2/CO.
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Table 4.3: Asymmetric hydroformylation results for various vinyl esters by chiral
1-[Rh2(nbd)2(me,ph-P4)](BF4)2
Vinyl Ester TO/hr B/L ratio Final Conversion Maximum %ee Optical
rotation
Vinyl
Acetate
61 15:1 55% 75% (at 2 hrs.) -3.04
Vinyl
butyrate
43 21.7:1 62% 76% (3 hrs.) -2.83
Vinyl
benzoate
35 35:1 44% 30% (2 hrs.) -0.33
While the enantiomeric excess for the asymmetric hydroformylation of 
vinyl acetate is lower than the 85% obtained with Rh2(allyl)2(et,ph-P4), it should 
be noted that when the powdered, unrecrystallized [Rh2(nbd)2(et,ph-P4)]2+ 
precursor was used the ee’s were lower as well. The percent conversions 
observed were also much lower. This data is shown in table 4.4. An e.e. of 77%  
for vinyl acetate was obtained using this enantiomerically impure catalyst as 
compared to 85% when the crystalline allyl precursor was used.
Table 4.4: Asymmetric hydroformylation of different vinyl esters by powdered, 
unrecrystallized S,S-Rh2(nbd)2(et,ph-P4) (90 °C, 90 psi, 1:1 H2/CO, acetone).
Vinyl ester initial
TO/hr
b/l final % 
conversion
maximum ee
% (% 
conversion)
Aldehyde
products
Vinyl acetate 270 15/1 77 80 (18) S(-)
Vinyl propionate 141 7/1 74 82 (27) S (-)
Vinyl butyrate 92 8/1 64 80 (27) (-)
Vinyl benzoate 104 8/1 77 67 (77) S(+)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
This lack of enantiopure catalyst probably plays the major role in the lower ee's 
and conversion. Another factor, which may have some influence, is the purity of 
the vinyl esters. Vinyl esters are prone to the formation of peroxides and to 
polymerizations. Some degree of degradation of the olefin may be taking place. 
From the uptake curve for vinyl acetate, one can observe the catalyst 
deactivating long before reaching conversion levels where olefin concentrations 
should be low. This indicates that some side reaction is tying up the catalyst 
binding site and competing with the olefin addition step in the mechanism. In the 
future, the substrates with be purified by passage through an activated alumina 
column.
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Figure 4.13: Uptake curve for the asymmetric hydroformylation of vinyl acetate
with chiral 1-[Rh2(nbd)2(me,ph-P4)]2+.
There is a drop in ee's observed over time due to back reaction of the aldehydes 
with the catalyst. This was also observed when the neutral allyl precursor was
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used. Therefore, all ee's are reported for less than 20% conversion. At this
point, little or no back reaction should be occurring.
Table 4.5: Change in %ee over time. (Chiral 1-[Rh2(nbd)2(me,ph-P4)]2+, 0.3 
mM, 1000 equivalents of olefin, 90°C, 90 psig 1:1 H2/CO).
Vinyl Ester Initial %ee Final %ee
Vinyl acetate 75% (2 hours) 74% (20 hours)
Vinyl butyrate 76% (3 hours) 70% (20 hours)
4.9 Conclusions
Effective separation of one enantiomer of the tetraphosphine ligand 
me,ph-P4 was accomplished. Initial results with this catalyst for the 
hydroformylation of vinyl acetate and vinyl butyrate are very encouraging, while 
those for vinyl benzoate are disappointing. Purification of both the vinyl esters 
and recrystallization of the catalyst precursor will be necessary in future 
experiments. This, along with optimization of catalyst conditions, will give a 
clearer picture of the true capabilities of this catalyst. The regioselectivity of this 
catalyst increases in exactly the manner predicted by the molecular modeling. 
While initial results for enantiomeric excesses do not follow this same pattern, it 
is felt that, upon optimization, the values will be in agreement. Further efforts 
toward this end are underway within the research group.
4.10 References
1 a) Rieu, J. P.; Bouchelere, A.; Cousse, H.; Mouzin, G. Tetrahedron, 1986, 42, 
4095. b) Botteghi, C.; Paganelli, S.; Schionato, S.; Marchetti, M. Chirality, 1991, 
3, 355.
2 Ojima, I.; Clos, N.; Bastos, C. Tetrahedron, 1989, 45, 6901.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
3 Consiglio, G.; Pino, P. Top. Curr. Chem., 1982, 105, 77.
4 Stephen, C. S. Chem. And Engineering News, Sept. 27, 1993, 38.
5 Botteghi, C.; Ganzerla, R.; Lenarda, M.; Moretti, G. J. Mol. Catal., 1987, 40, 
129.
6 Agbossou, F.; Carpentier, J.; Morteux, A. Chem. Rev., 1995, 95, 2485.
7 a) Stille, J. K.; Su, H.; Brechot, P.; Parrinello, G.; Hegedus, L. S. 
Organometallic, 1991, 10, 1183. b) Parrinello, G.; Stille, J. K. J. Am. Chem. 
Soc., 1987, 109, 7122. c) Parrinello, G.; Deschenaux, R.; Stille, J. K. J. Org. 
Chem., 1986, 51, 4189.
8 Hobbs, C. F.; Knowles, W. S. J. Org. Chem., 1981, 46, 4422.
9 Gladiali, S.; Pinna, L. Tetrahedron: Asymmetry, 1990, 1, 693.
10 Sakai, N.; Mano, S.; Nozaki, K.; Takaya, H. J. Am. Chem. Soc., 1993, 115, 
7033.
11 a) Nozaki, K.; Sakai, N.; Nanno, T.; Higashijima, T.; Mano, S.; Horiuchi, T.; 
Takaya, H. J. Am. Chem. Soc., 1997, 119, 4413. b) Stanley, G. G. Advances in 
Catalytic Processes. Volume 2 . Michael P. Doyle, Ed., JAI Press Inc., 1997, 221.
12 Babin, J. E.; Whiteker, G. T. Pat., W O 93/03830, 1992.
13 Alburquerque, P. R. Ph. D. Dissertation, Louisiana State University, 1996.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5 
EXPERIMENTAL SECTION
5.1 Instrumentation and General Procedures
The NMR spectra were recorded on Bruker AC-100, AC-250, ARX-300, 
AMX-500 spectrometers at Louisiana State University. The 31P NMR  
experiments were performed in 5 mm tubes and run at room temperature, 5 in 
ppm, H3 PO4 reference. Mass spectra were performed on Hewlet Packard 
GC/MS.
General Procedures: Unless otherwise stated all manipulations were carried out 
under inert atmosphere (nitrogen) using Schlenk line and dry box techniques. 
Solvents were redistilled under inert atmosphere from the appropriate drying 
agents as follows: diethyl ether, tetrahydrofuran, toluene 
(potassium/benzophenone); dichloromethane (calcium hydride); methanol and 
ethanol (magnesium). Reagents purchased were used without purification.
Gases purchased were used as received. Nitrogen used as the inert atmosphere 
gas was obtained from the "boil-ofT of either a 150 liter liquid nitrogen dewar or 
from the departmental liquid nitrogen storage tank. High purity synthesis gas of 
50% carbon monoxide in hydrogen (1:1 H2/CO) was obtained from Liquid 
Carbonic.
5.2 Hydroformylation Experiments
The hydroformylation experiments were performed in stainless steel 
autoclaves from Parr. The progress of the reaction was observed by the gas 
uptake in a reservoir that was connected to a two stage regulator which delivered
70
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gas at a constant pressure. All information during the catalytic run was recorded 
onto a Parr 4850 controller and transferred to a PC for data workup. Usual 
conditions for regular hydroformylation runs were 90 psig H2/CO and 90 °C, 1 
mM catalyst concentration, 1000 equivalents of olefin. Asymmetric run 
conditions were 90 psig H2/CO and 90 °C, 0.3 mM catalyst concentration, 1000 
equivalents of olefin.
controller
Parr
4850
1
thermo­
co u p le
regulator pressure
transducer
reaction 
gas reservoir 
(insulated)
N2/vac
thermo­
c o u p le
N2/vac
Autoclaves
Main
Gas
Supply
• Packless Magnetic
stirring to 1100 rpm 
• 150, 450, 600 mL
Figure 5.1: Diagram of Autoclave Setup.
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Samples were taken in hourly intervals from the hydroformylation 
experiments and analyzed by gas chromatography. Hydroformylation samples 
were tested using a GC equipped with a DB-1 capillary column for calculation of 
branched to linear ratios, final conversion, and isomerization amounts. 
Asymmetric hydroformylation experiments were analyzed for enantiomeric 
excess percentages using a GC with a Chiradex (3-DM chiral capillary column 
installed. All samples were tested with the chromatogram run isothermally at 
110°C for vinyl acetate and vinyl butyrate runs, and 120°C for vinyl benzoate 
runs. All products were identified by comparing retention times to that of 
standards or separated aldehyde products from hydroformylation reactions.
5.3 HPLC Separations
Chiral separation of ligands was performed on a Rainin HPLC equipped 
with an Chiracel-OD column. The eluting solvent system for the separation was 
2% isopropanol, 98% hexane. A 200 mg/mL solution in the same solvent mixture 
of the mixed me,ph-P4 ligand was used. An injection size of 0.4 mL and an 
actual flow rate of 3.4 mL per minute gave the best separation results. The 
fractions were collected in 250 mL schlenk flasks. These flasks were purged 
thoroughly and kept under a constant flow of nitrogen during the collection 
process. The eluting solvents were then removed under reduced pressure to 
yield the separated enantiomers.
5.4 Synthesis of Dimethylvinyfphosphine
In a 100 mL Schlenk flask was placed 10.05g (0.104 moles) of 
dimethylchlorophosphine and 50 mL of THF. A 250 mL, two neck Schlenk flask
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was attached to a trap to trap distillation apparatus and degassed. After inert 
atmosphere had been achieved 104 mL of 1M vinyl magnesium bromide was 
added to the two neck flask. This flask was isolated from the distillation 
apparatus by a teflon cap and the flask was cooled in an ice bath. The 
dimethytchlorophosphine is added dropwise with stirring. When the addition is 
complete the reaction is allowed to come to room temperature under nitrogen 
while a vacuum is formed on the distillation side. Volatiles are then distilled from 
the magnesium salts and the THF solution which contains dimethylvinyl 
phosphine is used in the synthesis of me,ph-P4.
Analysis: 3 1 P{1H> NMR (THF): -49(1 P. s).
Alternate synthesis: 175 mL of 1M vinyl magnesium bromide in THF (0.175 
moles) and 175 mL of tetraglyme were added to a 500 mL two necked schlenk 
flask and stirred. The THF was removed by trap to trap distillation.
Approximately 90% of the initial THF was recovered. To the chilled, stirred 
tetraglyme/vinyl magnesium bromide solution was added 15 grams of 
dimethylchlorophosphine (0.155 moles). After warming to room temperature 
under nitrogen, the volatile dimethytvinylphosphine was trap to trap distilled from 
the tetraglyme and magnesium salts. The pure product was isolated in a 70%  
yield.
5.5 Synthesis of me,ph-P4
In a 250 mL Schlenk flask was placed 45 g of dimethylvinyl 
phosphine/THF solution (four fold excess, the amount of phosphine was 
estimated by 31P NMR) and 2 g (8.62 mmoles) of Ph(H)PCH2 P(H)Ph. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
74
reaction mixture was photolyzed for 24 hours with the progress of the reaction 
checked by NMR occasionally. Upon completion of the reaction, volatiles are 
removed by trap to trap distillation. The residue in the distillation pot contained 
2.51 g me,ph-P4 appearing as a colorless, viscous liquid (71% yield). The 
presence of intermediates due to incomplete reaction may account for the less 
than quantitative yield.
Analysis: 31P{1H} NMR (C6De): diastereotopic internal phosphorus atoms, 
-25.43 (1P, dd, J = 11.97 Hz , 11.95 Hz, racemic diastereomer) and -26.31 (1P, 
dd, J = 11.74 Hz, 12.14 Hz, meso diastereomer); external phosphorus atoms, - 
47.36 (1P, dd, J = 5.5 Hz, 12.59 Hz) and -48.05 (1P, dd, J = 13.07 Hz, 4.37 Hz).
5.6 Synthesis of Diisopropylvinylphosphine
In a 100 mL Schlenk flask was placed 25 g (0.164 moles) of 
diisopropylchlorophosphine and 20 mL of THF. A 500 mL, two neck Schlenk 
flask was attached to a trap to trap distillation apparatus and degassed. After 
inert atmosphere had been achieved 165 mL of 1 M vinyl magnesium bromide 
was added to the two neck flask. This flask was isolated from the distillation 
apparatus by a teflon cap and the flask is cooled in an ice bath. The 
diisopropylchlorophosphine is added dropwise with stirring. When the addition is 
complete the reaction is allowed to come to room temperature under nitrogen 
while a vaccum is formed on the distillation side. Volatiles are then distilled from 
the magnesium salts. Diisopropylvinylphosphine is then distilled from the THF at 
145° C to obtain 11.2 g of the colorless liquid (47% yield).
Analysis: 3 1 P{1H} NMR (CDCI3): 5.53 ( 1 P ,s).
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5.7 Synthesis of A-pr,ph-P4
In a 100 mL Schlenk flask, equipped with a stirbar, was placed 1 g (6.9 
mmole) diisopropylvinyl phosphine and 0.81 g (3.5 mmole) Ph(H)PCH2 P(H)Ph. 
The reaction mixture was photolyzed overnight. Excess diisopropylvinyl­
phosphine was rotoevaporated from the reaction mixture, leaving 1.45 g of 
pr,ph-P4 as a viscous, colorless, liquid (79% yield).
Analysis: 3 1 P{1H} NMR (CDCI3): external phosphorus atoms, 8.43 (2P, 
dd, J = 9.18 Hz and J = 16.38 Hz); diastereotopic internal phosphorus atoms, 
-26.6 (1P, dd, J =  11.44 Hz and J =  15.26 Hz) and -27.40 (1P, dd, J =  15.26 Hz 
and J =  11.44 Hz).
5.8 Synthesis of ph,ph-P4
In a 100 mL Schlenk flask, equipped with a stirbar, was placed 5 g (0.024 
mole) diphenylvinyl phosphine and 2.71 g (0.012 mole) Ph(H)PCH2 P(H)Ph in 50 
mL THF. The reaction mixture was photolyzed for 72 hours. The solvent was 
evaporated to yield 12.3 g of a sticky white residue. Mixed ph,ph-P4 was 
obtained in a 78% isolated yield. The diastereomers were separated by 
recrystallization from cold ether. The meso ligand was isolated as a white 
powder, and the racemic ligand as a very thick colorless liquid.
Analysis: 3 1 P{1H} NMR (CDCI3) diastereotopic internal phosphorus atoms 
-26.8 ppm (1P, dd, J p -p  = 13.3 Hz and 17.0 Hz, racemic diastereomer) and -27.6 
ppm (1P, dd, JpP = 13.3 Hz and 17.0 Hz, meso diastereomer), external 
phosphorus atoms -14.0 ppm (2P, dd, Jp.p= 13.3 Hz and 17.0 Hz).
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5.9 Synthesis of rac-[Rh2(nbd)2(me,ph-P4)](BF4)2
A 10 mL DCM solution of me,ph-P4 (1.5 g, 3.7 mmoles) was added 
dropwise to a stirred red solution of [Rh(nbd)2]BF4  (2.77 g, 5.4 mmoles) in 15 mL 
of DCM. The resulting solution was added dropwise to 150 mL of diethyl ether 
with rapid stirring to precipitate red orange powder. The powder was filtered, 
redissolved in minimum acetone, and placed in a -20 C freezer. The red crystals 
were filtered and dried to obtain 1.32 g of rac-[Rh2 (nbd)2(me,ph-P4 )](BF4 ) 2 (73%  
yield based on racemic ligand).
Analysis: 3 1 P{1H) NMR (CD2CI2 ): internal phosphorus atoms, 45.25 (1P, 
d, J = 23.05 Hz) and 41.25 (1P, d, J = 25.84 Hz); external phosphorus atoms,
40.09 (1P, d, J = 23.38 Hz) and 36.36 (1P, d, J = 24.69 Hz).
5.10 Synthesis of Chiral 1- [Rh2(nbd)2(me,ph-P4)](BF4)2
The same procedure as that for the racemic catalyst precursor (above) 
was used to synthesize the chiral catalyst. The acetone recrystallization step, 
however, did not result in the formation of crystals. The product was purified 
somewhat by passage through a silica gel column with 3:1 dichloromethane/ 
acetone. Several solvents were used to attempt recrystallization of the powder. 
They include acetone, acetone/THF, THF, THF/toluene, toluene/ hexane, 
THF/hexane, and DCM/hexane. No purification was achieved. Attempts to 
synthesize the neutral allyl catalyst precursor were also unsuccessful.
5.11 Synthesis of m/xed-[Rh2(nbd)2(/pr,ph-P4)](BF4)2
A 10 mL DCM solution of /pr,ph-P4 (1 g, 1.92 mmole) was added dropwise 
to a stirred red solution of [Rh(nbd)2]BF4 (1.44 g, 3.85 mmole) in 10 mL of DCM.
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The resulting solution was added dropwise to 100 mL of diethyl ether with rapid 
stirring to precipitate a red orange powder. The powder was filtered and dried to 
obtain 1.31 g of mixed-{Rh2(nbd)2(/pr,ph-P4 )](BF4 ) 2  (63% yield, some product lost 
as a red oil).
Analysis: 3 1 P{1H} NMR (Acetone-de): external phosphorus atoms, 74.77 
(1P, dd, J = 19.49 Hz and J = 109.37 Hz) and 73.26 (1P, dd, J = 19.19 Hz and J 
= 110.02 Hz); internal phosphorus atoms, 51.93 (1P, dd, J =  10.72 Hz), 50.46 
(1P, dd, J = 20.7 Hz), 50.13 (1P, dd, J = 20.44 Hz), and 48.64 (1P, dd, J = 19.75 
Hz).
5.12 Synthesis of rac-[Rh2(nbd)2(ph,ph-P4)](BF4)2
rac-ph,ph-P4 (2 g, 3 mmole) in 25 mL DCM was added dropwise to a 25 
mL stirred DCM solution of [Rh(nbd)2]BF4 (2.24 g, 6  mmole). The resulting 
solution was added dropwise to approximately 150 mL diethyl ether to precipitate 
a yellow orange powder. This powder was filtered and redissolved in minimum 
acetone and placed in -20 C freezer to recrystallize. Upon filtration and drying 
0.812 g of red/brown crystals of rac-[Rh2 (nbd)2(ph,ph-P4 )](BF4 ) 2  was recovered 
for a 2 2 % yield.
Analysis: 3 1 P{1H} NMR (CD2CI2): internal phosphorus atoms, 57.05 (1P, 
d, J = 5.64 Hz) and 56.82 (1P, d, J = 7.39 Hz); external phosphorus atoms, 55.51 
(1P, d, J = 7.50 Hz) and 55.27 (1P, d, J = 7.43 Hz).
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5.13 GC/MS Analysis of Liquid Alkenes 
1-Hexene
Ret. Time fin min.) of MW fa/moll
Peaks observed
6.182-6.236 56
11.235 84
11.518-11.627 84
11.714-11.769 84
12.052-12.107 84
17.715-17.769 1 1 2
19.022-19.066 98
1-Heptene
Ret. Time fin min.) MW fa/mol)
of Peaks observed
12.417-12.634 98
12.67-12.78 98
12.798-12.819 96
12.819-12.95 98
13.10-13.18 98
14.875-14.951 1 0 0
17.116-17.170 1 1 2
17.247-17.334 113
18.247-18.302 113
19.651-19.695 1 1 2
Identification from Wilev 
Library f quality of match) 
1 -butene, 2 -butene, or 2 - 
methyl-1-propene. (59%) 
1-Hexene (peak went off 
scale)
Trans 2-Hexene (E) 
Cis-2-Hexene (Z) (91%) 
3-Hexene (E or Z)
1-Octene (96%) (far into 
baseline)
2-Hexanal (8 6 %) (very 
small peak in baseline)
Identification from Wilev Library f quality 
of match)
1-Heptene (peak went off scale)
Isomer
1,5-Heptadiene (E or Z)
Isomer
Isomer
No match found 
No match found
1-Hepten-3-ol (very low quality match) 
No match found 
No match found
1-Octene
Ret. Time fin min.) of MW fa/mol) Identification from Wilev Librarv
Peaks observed faualitv of match)
12.376-12.550 97 Possibly 1-Heptene remaining on
column
14.094-14.137 1 1 2 No match found
14.474-14.540 1 1 2 No match found
14.583-14.605 1 1 2 No match found
15.094-15.344 1 1 2 1-Octene (peak went off scale)
15.388-15.442 1 1 2 2-Octene
15.475-15.616 1 1 2 Isomer with slight shoulder, no
small mark at 114 dienes detected, possibly some
octane
15.811-15.888 1 1 2 Isomer
17.408-17.473 119 No match found
21.589-21.730 140 No match found
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1-Decene, 94%
Ret. Time (in min.) of MW (g/mol) Identification from Wilev Library (quality
Peaks observed of match)
15.131-15.207 1 1 2 1-Octene left on column
19.518-19.670 117 No match found, small peak in baseline
19.855-19.963 1 1 1 No match
20.093-20.158 115 No match
20.212-20.256 140 No match
20.516-20.657 1 1 1 No match
20.907-21.092 140 5-methylene-Nonane (90%)
21.472-21.962 140 1-Decene (peak went off scale)
22.147-22.300 142 Decane
22.648-22.691 140 2-Decene
25.286-25.341 138 Pentylidene-cyclopentane (90%)
28.695-28.804 126 1,2,3-trimethylcyclohexane (60%)
31.993-32.101 147 No match found
33.836-34.096 168 Dodecane (low quality match)
5.14 Full crystallographic data for rac-[Rh2(nbd)2(me,ph-P4)]2 BF4
Table of Positional Parameters and their Estimated Standard Deviations
Atom X ¥ z B(A2)
Rh1 0.13311(3) 0.22505(3) 0.34851(2) 4.359(8)
Rh2 0.38687(3) 0.31290(3) 0.12218(2) 3.987(8)
P1 0.2115(1) 0.13113(8) 0.22945(7) 3.76(2)
P2 0.0230(1) 0.0836(1) 0.32363(8) 5.10(3)
P3 0.19788(9) 0.26579(8) 0.10914(7) 3.59(2)
P4 0.3633(1) 0.2418(1) -0.02623(8) 4.88(3)
C 0.1614(3) 0.1482(3) 0.1260(3) 3.67(9)
C11 0.1663(4) 0.0004(3) 0.2066(3) 5.1(1)
C12 0.0437(5) -0.0077(4) 0.2202(3) 5.6(1)
C21 -0.1255(5) 0.0890(6) 0.3219(5) 9.1(2)
C22 0.0603(7) 0.0231(5) 0.4029(4) 9.6(2)
C31 0.1415(4) 0.2351(4) -0.0063(3) 5.0(1)
C32 0.2245(5) 0.1779(4) -0.0635(3) 5.4(1)
C41 0.3732(6) 0.3288(5) -0.0861(4) 7-6(2)
C42 0.4572(6) 0.1490(5) -0.0738(4) 8.4(2)
C1P .03620(4) 0.1309(3) 0.2307(3) 4.5(1)
C2P 0.4146(4) 0.1206(3) 0.1566(3) 5.1(1)
C3P 0.5306(5) 0.1216(5) 0.1618(4) 7.3(2)
C4P 0.5912(5) 0.1330(6) 0.2413(6) 10.0(3)
C5P 0.5412(5) 0.1406(5) 0.3138(5) 8.7(2)
(Table continues)
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C 6 P 0.4258(5) 0.1394(4)
C7P 0.1013(4) 0.3514(3)
C 8 P 0.1174(4) 0.4492(4)
C9P 0.0429(5) 0.5166(4)
C10P -0.0474(5) 0.4865(4)
C11P -0.0637(4) 0.3912(4)
C12P 0.0098(4) 0.3234(4)
C1N 0.2090(4) 0.3799(4)
C2N 0.2694(4) 0.3336(4)
C3N 0.2167(5) 0.3491(5)
C4N 0.1026(5) 0.2921(4)
C5N 0.0421(4) 0.3386(4)
C 6 N 0.1174(5) 0.4273(4)
C7N 0.1813(6) 0.4531(5)
C 8 N 0.4031(4) 0.4467(4)
C9N 0.4570(4) 0.3773(4)
C10N 0.5789(5) 0.3881(4)
C11N 0.5683(4) 0.3565(4)
C12N 0.5130(5) 0.4278(4)
C13N 0.4899(5) 0.5042(4)
C U N 0.5945(5) 0.5007(5)
B1 0.1219(8) 0.2378(5)
F 1 0.1943(4) 0.3064(3)
F2 0.1725(5) 0.1578(3)
F3 0.0755(5) 0.2676(4)
F4 0.0526(6) 0.2153(5)
B2 0.1992(5) 0.8823(5)
F5 0.2755(3) 0.9556(3)
F6 0.1098(3) 0.8810(4)
F7 0.2407(4) 0.8014(3)
F8 0.1681(5) 0.8794(5)
01s 0.3275(5) 0.6009(5)
C1S 0.2412(6) 0.6375(5)
C2S 0.1619(8) 0.5897(7)
C3S 0.214(1) 0.7304(7)
02 S 0.462(1) 0.1674(9)
C4S 0.436(1) 0.127(1)
C5S 0.467(1) 0.160(1)
C 6 S 0.332(1) 0.067(1)
03 S -0.2448(6) 0.2994(5)
C7S -0.285(1) 0.302(1)
C 8 S -0.384(1) 0.3656(9)
C9S -0.227(1) 0.240(1)
0.3085(4) 6 .1 ( 1 )
0.1656(3) 4.1(1)
0.1689(3) 5.4(1)
0.2067(4) 6 .8 (2 )
0.2411(4) 6.9(2)
0.2381(3) 5-8(1)
0.2012(3) 4.8(1)
0.3847(3) 5.3(1)
0.4320(3) 5.7(1)
0.5176(3) 6 .6 (2 )
0.4868(3) 6.5(1)
0.4387(3) 6 .0 ( 1 )
0.4395(4) 6.3(2)
0.5318(4) 7.6(2)
0.2403(3) 5.0(1)
0.2632(3) 5.3(1)
0.2454(4) 7.0(2)
0.1453(4) 6 .1 ( 1 )
0.1228(4) 6 .2 ( 1 )
0.2075(4) 6 . 1 ( 1 )
0.2690(4) 7.4(2)
0.7162(5) 8 . 1 (2 )
0.7099(3) 1 2 .2 (2 )
0.7218(3) 11.7(2)
0.7877(3) 17.6(2)
0.6467(4) 23.8(2)
0.9482(4) 5.2(1)
0.9860(3) 1 1 .1 ( 1 )
0.9866(3) 13.5(2)
0.9325(5) 19.7(3)
0.8694(4) 21.9(2)
0.0774(5) 16.0(2)
0.0677(5) 9.6(2)
-0.0128(6) 13.2(3)
0.1314(7) 16.1(4)
0.5419(8) 27.5(5 )*
0.592(1) 26.9(8 )*
0.6791(9) 19.1(5)*
0.541(1) 23.3(6)*
0.4655(5) 17.7(3)*
0.5203(9) 21.3(5)*
0.5252(8) 18.8(4)*
0.570(1) 30.2(8)*
(Table continues)
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(Starred items were refined isotropically)
Ha 0.0820 0.1393 0.1193 4
Hb 0.1894 0.0977 0.0810 4
H11a 0.2099 -0.0251 0.2452 6
H11b 0.1754 -0.0359 0.1478 6
H12a -0.0014 0.0041 0.1737 7
H 1 2 b 0.0236 -0.0720 0.2214 7
H21a -0.1522 0 . 1 2 0 2 0.2811 1 1
H21b -0.1604 0.0239 0.3049 1 1
H21c -0.1425 0.1256 0.3784 1 1
H22a 0.1387 0.0172 0.4078 1 2
H22b 0.0398 0.0609 0.4580 1 2
H22c 0 . 0 2 2 0 -0.0407 0.3845 1 2
H31a 0.1293 0.2941 -0.0192 6
H31b 0.0726 0.1958 -0.0171 6
H32a 0.2252 0.1132 -0.0594 7
H32b 0.2033 0.1737 -0.1225 7
H41a 0.3258 0.3803 -0.0647 9
H41b 0.4483 0.3559 -0.0781 9
H41c 0.3505 0.2955 -0.1465 9
H42a 0.4567 0 . 1 0 0 2 -0.0456 1 0
H42b 0.4330 0.1189 -0.1344 1 0
H42c 0.5308 0.1793 -0.0661 1 0
H2P 0.3714 0.1128 0 . 1 0 2 2 6
H3P 0.5674 0.1144 0.1113 9
H4P 0.6705 0.1357 0.2452 1 2
H5P 0.5845 0.1464 0.3675 1 1
H6 P 0.3900 0.1444 0.3591 7
H8 P 0.1793 0.4697 0.1453 6
H9P 0.0536 0.5834 0.2089 8
H10P -0.0981 0.5327 0.2670 8
H11P -0.1262 0.3711 0.2615 7
H12P -0.0018 0.2569 0.1999 6
H1N 0.2207 0.3824 0.3285 6
H2N 0.3327 0.2980 0.4155 7
H3N 0.2606 0.3348 0.5633 8
H4N 0.0781 0.2345 0.4989 8
H5N -0.0320 0.3195 0.4103 7
H6 N 0.0814 0.4775 0.4230 8
H7Na 0.2427 0.5008 0.5423 9
H7Nb 0.1345 0.4739 0.5769 9
H8 N 0.3263 0.4581 0.2436 6
H9N 0.4257 0.3301 0.2861 6
H10N 0.6319 0.3561 0.2721 9
H11N 0.5948 0.2991 0.1067 7
(Table continues)
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H12N 0.4928 0.4292 0.0651 8
H13N 0.4712 0.5665 0.2036 7
H14Na 0.6620 0.5229 0.2531 9
H14Nb 0.5891 0.5351 0.3288 9
Table of Bond Distances in Angstroms
Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Rh1 P1 2.292(1) P4 C41 1.817(7)
Rh1 P2 2.275(1) P4 C42 1.814(7)
Rh1 C1N 2.235(5) C11 C12 1.520(8)
Rh1 C2N 2.224(5) C31 C32 1.517(7)
Rh1 C4N 2.218(5) C1P C2P 1.386(7)
Rh1 C5N 2.223(5) C1P C 6 P 1.380(7)
Rh2 P3 2.317(1) C2P C3P 1.391(7)
Rh2 P4 2.281(1) C3P C4P 1.38(1)
Rh2 C8 N 2.222(4) C4P C5P 1.35(1)
Rh2 C9N 2.239(5) C5P C 6 P 1.383(9)
Rh2 C11N 2.209(5) C7P C 8 P 1.391(7)
Rh2 C12N 2.190(6) C7P C12P 1.397(7)
P1 C 1.824(5) C8 P C9P 1.385(8)
P1 C11 1.837(5) C9P C10P 1.384(9)
P1 C1P 1.811(5) C10P C11P 1.356(9)
P2 C12 1.818(5) C11P C12P 1.376(7)
P2 C21 1.792(6) C1N C2N 1.348(8)
P2 C22 1.801(8) C1N C 6 N 1.530(8)
P3 C 1.835(50 C2N C3N 1.542(8)
P3 C31 1.834(5) C3N C4N 1.521(8)
P3 C7P 1.820(4) C3N C7N 1.52(1)
P4 C32 1.821(5) C4N C5N 1.359(9)
C5N C6 N 1.527(9) B2 F5 1.311(7)
C 6 N C7N 1.539(8) B2 F6 1.299(8)
C 8 N C9N 1.340(8) B2 F7 1.243(8)
C 8 N C13N 1.542(8) B2 F8 1.285(9)
C9N C10N 1.535(8) 01 S C1S 1 .2 0 ( 1 )
C10N C11N 1.534(9) C 1 S C2S 1.49(1)
C10N C U N 1.534(9) C1S C3S 1.47(1)
C11N C12N 1.368(9) 02 S C4S 1.21(3)
C12N C13N 1.520(7) C4S C5S 1.35(2)
C13N C U N 1.543(8) C4S C 6 S 1.50(2)
B1 F1 1.32(1) 03 S C7S 1.05(2)
B1 F2 1.35(1) C7S C8 S 1.52(2)
B1 F3 1.30(1) C7S C9S 1.52(3)
B1 F4 1.28(1)
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Table of Bond Angles in Degrees
Atom 1 Atom 2 Atom 3 Angle Atoml Atom2 Atom3 Anale
P1 Rh1 P2 83.19(5) P3 C7P C 8 P 117.3(4)
P1 Rh1 C1N 107.6(1) P3 C7P C12P 123.9(4)
P1 Rh1 C2N 106.0(1) Rh1 C1N C2N 72.0(3)
P1 Rh1 C4N 159.7(2) Rh1 C1N C 6 N 95.5(3)
P1 Rh1 C5N 164.1(2) Rh1 C2N C1N 72.8(3)
P2 Rh1 C1N 167.6(1) Rh1 C2N C3N 94.8(3)
P2 Rh1 C2N 148.8(2) Rh1 C4N C3N 95.7(4)
P2 Rh1 C4N 95.5(2) Rh1 C4N C5N 72.4(3)
P2 Rh1 C5N 102.9(2) Rh1 C5N C4N 72.0(3)
C1N Rh1 C2N 35.2(2) Rh1 C5N C 6 N 96.0(3)
C1N Rh1 C4N 76.5(2) Rh2 C8 N C9N 73.2(3)
C1N Rh1 C5N 65.0(2) Rh2 C8 N C13N 95.0(3)
C2N Rh1 C4N 65.5(2) Rh2 C9N C 8 N 71.9(3)
C2N Rh1 C5N 76.5(2) C8 N Rh2 C9N 35.0(2)
C4N Rh1 C5N 35.6(2) C8 N Rh2 C11N 76.8(2)
P3 Rh2 P4 83.52(4) C8 N Rh2 C12N 65.4(2)
P3 Rh2 C 8 N 100.9(1) C9N Rh2 C11N 65.2(2)
P3 Rh2 C9N 1 1 0 .6 ( 1 ) C9N Rh2 C12N 76.4(2)
P3 Rh2 C11N 175.3(2) C11N Rh2 C12N 36.2(2)
P3 Rh2 C12N 146.3(2) Rh1 P1 C 115.2(1)
P4 Rh2 C 8 N 150.2(2) Rh2 C9N C10N 95.4(3)
P4 Rh2 C9N 165.0(1) Rh2 C11N C10N 96.6(3)
P4 Rh2 C11N 100.5(2) Rh2 C11N C12N 71.1(3)
P4 Rh2 C12N 94.7(1) Rh2 C12N C11N 72.6(3)
Rh1 P1 C11 109.1(2) Rh2 C12N C13N 97.0(4)
Rh1 P1 C1P 120.9(1) Rh2 P4 C32 1 1 0 .6 (2 )
C P1 C11 1 0 1 .0 (2 ) Rh2 P4 C41 114.3(2)
C P1 C1P 104.9(2) Rh2 P4 C42 117.4(2)
C11 P1 C1P 103.3(2) C32 P4 C41 105.0(3)
Rh1 P2 C12 1 1 1 .0 (2 ) C32 P4 C42 104.0(3)
Rh1 P2 C21 119.2(3) C41 P4 C42 104.3(3)
Rh1 P2 C22 1 1 2 .1 (2 ) P1 C P3 119.2(2)
C12 P2 C21 105.5(3) P1 C11 C12 108.7(3)
C12 P2 C22 103.6(3) P2 C12 C11 108.8(3)
C21 P2 C22 104.1(4) P3 C31 C32 109.4(3)
Rh2 P3 C 116.6(1) P4 C32 C31 109.1(3)
Rh2 P3 C31 107.9(2) P1 C1P C2P 122.6(4)
C2P C1P C 6 P 119.2(5) C1P C6 P C5P 120.9(6)
C1P C2P C3P 119.9(5) C8 P C7P C12P 118.7(4)
C2P C3P C4P 119.0(6) C7P C8 P C9P 119.9(5)
C3P C4P C5P 1 2 2 .0 (6 ) C 8 P C9P C10P 120.0(5)
(Table continues)
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C4P C5P C 6 P 119.0(6)
C10P C11P C12P 120.2(5)
C2N C1N C 6 N 106.3(5)
C2N C3N C4N 103.4(4)
C4N C3N C7N 99.1(5)
C4N C5N C 6 N 106.1(5)
C1N C6 N C7N 99.7(5)
C5N C6 N C7N 99.4(5)
C3N C7N C 6 N 94.2(4)
F2 B1 F3 103.8(7)
F3 B1 F4 113.8(8)
F6 B2 F7 110.2(7)
F7 B2 F8 99.2(6)
C9N C IO N C11N 102.6(4)
C11N C10N C14N 1 0 0 .6 (6 )
C11N C12N C13N 106.9(5)
0 1 s C1S C2S 119.0(7)
C2S C1S C3S 119.2(8)
02 S C4S C 6 S 1 0 0 .(1 )
03 S C7S C 8 S 1 1 0 .(1 )
F5 B2 F7 111.1(5)
C1N C 6 N C5N 103.2(4)
Rh2 P3 C7P 1 2 1 .0 (1 )
C P3 C31 99.7(2)
C P3 C7P 105.8(2)
C8 S C7S C9S 140.(1)
C31 P3 C7P 102.9(2)
C9P C10P C11P 120.5(5)
C7P C12P C11P 120.6(5)
C1N C2N C3N 107.5(5)
C2N C3N C7N 98.8(5)
C3N C4N C5N 107.5(5)
C12N C13N C14N 100.8(4)
F1 B1 F2 111.7(7)
F1 B1 F3 1 1 1 .8 (6 )
F1 B1 F4 105.4(7)
F2 B1 F4 1 1 0 .6 (6 )
F5 B2 F6 117.1(5)
F6 B2 F8 107.8(6)
C8 N C9N C10N 107.1(5)
C9N C10N C14N 99.6(4)
C10N C11N C12N 106.0(5)
C8 N C13N C12N 102.2(4)
01 S C1S C3S 121.8(7)
02 S C4S C5S 126.(2)
C5S C4S C6 S 129.(2)
03S C7S C9S 1 1 0 .(1 )
F5 B2 F8 1 1 0 .0 (6 )
C10N C14N C13N 93.1(4)
P1 C1P C6 P 118.2(4)
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5.15 1H NMR spectra
t
1H of Chiral 1-[RhI (nbd), (me,ph-P4)]
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Figure 5.2: Chiral 1-[Rh2(nbd)2(me,ph-P4)]( BF4 ) 2  proton spectrum.
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1 H of Isopropyl vinylphosphine
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Figure 5.3: Isopropylvinylphosphine proton spectrum.
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1H of rac-[Rh (nbd), (ph,ph-P4)]
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Figure 5.4: rac-[Rh2(nbd)2(ph,ph-P4)](BF4)2 proton spectrum.
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H of /-pr, ph-P4
7.0 5.0 3.0 2.0 1.0 0.0 ppm8.0 6.0 4.0
Figure 5.5: /-pr,ph-P4 proton spectrum.
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5.16 31P NMR Spectra
31 P /-pr,ph-P4 ligand
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Figure 5.6: 31P spectrum of f-pr,ph-P4
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Figure 5.7: 31P of Chiral 1-[Rh2(nbd)2(metph-P4)]2*.
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31P of me,ph-P4
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Figure 5.8: 31P NMR of mixed me,ph-P4
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Figure 5.9: 31P NMR of rac-[Rh2(nbd)2(ph,ph-P4)] (BF4)2.
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Figure 5.10: 31P NMR of mixed-[Rh2(nbd)2(/-pr,ph-P4)] 2 *
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Figure 5.11: 31P NMR of rBC-[Rh2(nbd)2(me,ph-P4)](BF4)2.
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